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ABSTRACT
Alkali metal ion batteries, including lithium-ion batteries (LIBs), sodium-ion batteries
(NIBs), and potassium-ion batteries (KIBs), have been widely studied as the power
sources for a wide range of portable electronic devices, such as cell phones, laptop
computers, and digital cameras, since the first commercialization of the IBs. In the
last two decades, enormous ongoing efforts have been made to develop the next
generation of LIBs, which feature thinner, smaller sizes, lighter weight, flexibility,
higher capacity and rate capability, and longer cycle life. Nevertheless, with
increasing concerns about the scarcity and distribution of Li natural resources, sodium
(Na), as the sixth most abundant element in the Earth’s crust (~2.6%), with virtually
unlimited Na resources available from sea water, is now attracting serious attention.
Although the large ionic size of Na and its low standard electrochemical potential
compared with Li result in low power and energy densities and the problems due to
the size of the battery, after weighing its pros and cons, the sodium-ion battery has
still been studied as a hot topic in recent years to develop cheap and sustainable
electrochemical grid-scale energy systems. In searching for alternatives to the lithium
ion battery, not only the sodium ion battery, but also magnesium, calcium, aluminium,
and potassium ions batteries have been proposed to try to replace the lithium ions
battery. In this thesis, however, advanced electrode materials are designed,
synthesized, and studied with the aim of developing the next generation of alkali
metal ion batteries.
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From the discovery of graphene by Novoselov, Geim, et al., two-dimensional (2D)
materials including hexagonal boron nitrides, transition metal dichalcogenides
(TMDs), and metal oxides and hydroxides, have attracted much renewed attention. 2D
materials have become the most important type in areas ranging from photocatalysis
to electrodes for electrochemical devices. 2D materials, which possess thicknesses on
the order of nanometers and lateral dimensions of submicron to micrometer scale, are
currently regarded as a new class of energy storage materials, owing to their exotic
electronic properties and high specific surface areas compared with the corresponding
bulk materials. With the increased attention to 2D materials beyond graphene, it is
timely to carry out research on the 2D materials, involving experimental and
theoretical studies related to their synthesis, structure, properties, and potential
applications in energy storage. Motivated by the success of graphene and novel
two-dimensional materials with unique physical and chemical properties, herein, we
use a simple shear-assisted mechanical exfoliation method to synthesize few-layered
nanosheets of LiCoO2, LiMn2O4, and LiFePO4, and study their nature in energy
storage applications with the aim of discovering the relationship between
graphene-like structures and energy storage applications.

The most promising cathode materials, including LiCoO2 (layered), LiMn2O4 (spinel),
and LiFePO4 (olivine), have been the focus of intense research to develop
rechargeable lithium-ion batteries (LIBs) for portable electronic devices. Sluggish
6

lithium diffusion, however, and unsatisfactory long-term cycling performance still
limit the development of present LIBs for several applications, such as plug-in/hybrid
electric vehicles. Importantly, the as-prepared nanosheets of these materials with
preferred orientations and optimized stable structures have exhibited excellent C-rate
capability and long-term cycling performance with much reduced volume expansion
during cycling. In particular, the zero-strain insertion phenomenon could be achieved
in 2-3 such layers of LiCoO2 electrode materials, which could open up a new path to
the further development of next-generation long-life and high-rate batteries.

Deep-activated graphite has been synthesized by a high-temperature annealing route
using potassium hydroxide as the etching agent. Many nanosized graphite sheets are
formed on the surface of graphite, which could be of benefit for rapid
intercalation/de-intercalation of potassium ions. Moreover, the d-spacing of the (100)
crystal planes in the as-prepared active graphite is slightly enlarged from 0.3344 nm
to 0.3357 nm, and the diffusion coefficient of K ions is also improved by 7 times as
well. The as-prepared activated graphite can deliver a high reversible capacity of 100
mAh/g after 100 cycles in potassium ions batteries (KIBs) (at a high current density of
0.2 A/g) and exhibits increased rate performance. The results demonstrate that the
as-prepared active graphite is a promising anode material for the potassium ion
battery, with high capacity, excellent rate performance, and great cycling stability.
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Engineering design of battery configurations and new battery system development are
alternative approaches to achieve high performance batteries. A novel flexible and
ultra-light graphite anode is fabricated by simple friction drawing on filter paper with
a commercial 8B pencil. Compared with the traditional anode using copper foil as
current collector, this innovative current-collector-free design presents capacity
improvement of over 200% by reducing the inert weight of the electrode. The
as-prepared

pencil-trace

electrode

exhibits

excellent

rate

performance

in

potassium-ion batteries (KIB), significantly better than in lithium ion batteries (LIBs),
with capacity retention of 66% for the KIB vs. 28% for the LIB from 0.1 to 0.5 A/g. It
also shows a high reversible capacity of ~230 mAh/g at 0.2 A/g, 75% capacity
retention over 350 cycles at 0.4 A/g, and the highest rate performance (based on the
total electrode weight) among graphite electrodes for K+ storage reported so far.

8

TABLE OF CONTENTS
CERTIFICATION ......................................................................................................... 2
ACKNOWLEDGEMENTS ........................................................................................... 3
ABSTRACT ................................................................................................................... 5
TABLE OF CONTENTS ............................................................................................... 9
LIST OF FIGURE........................................................................................................ 13
LIST OF TABLES ....................................................................................................... 20
LIST OF ABBREVIATIONS ...................................................................................... 21
LIST OF SYMBOLS ................................................................................................... 24
LIST OF ORGANIZATIONS ..................................................................................... 26
Chapter 1

Introduction ............................................................................................... 1

Chapter 2

Literature Review...................................................................................... 5

2.1

General background ..................................................................................... 5

2.2

Lithium-ion batteries .................................................................................... 6

2.2.1

Brief history .............................................................................................. 7

2.2.2

Basics concepts of lithium ion batteries.................................................... 8

2.2.3

Basic concepts ......................................................................................... 11

2.2.4

Cathode materials.................................................................................... 13

2.2.5

Anode materials ...................................................................................... 26

2.2.6

Electrolyte ............................................................................................... 28

2.3

Sodium-ion battery..................................................................................... 30

2.3.1

Cathode materials.................................................................................... 31

2.3.2

Anode materials ...................................................................................... 36

2.4

Potassium ions battery ............................................................................... 40

2.4.1

Potassium ions battery cathode materials ............................................... 40

2.4.2

Potassium ions battery anode materials .................................................. 42

2.5

Objectives and scope of research .............................................................. 43
9

Chapter 3

Experimental ........................................................................................... 45

3.1

List of materials ......................................................................................... 45

3.2

Experimental procedures ........................................................................... 46

3.3

Materials preparation ................................................................................. 47

3.3.1

Solid state reaction .................................................................................. 48

3.3.2

Hydrothermal method ............................................................................. 48

3.3.3

Shear exfoliation ..................................................................................... 50

3.3.4

Chemical solution method ...................................................................... 52

3.3.5

Filtration method ..................................................................................... 53

3.3.6

Friction method ....................................................................................... 54

3.4

Physical and structural characterization..................................................... 55

3.4.1

X-Ray diffraction .................................................................................... 55

3.4.2

Raman spectroscopy ............................................................................... 58

3.4.3

X-Ray photoelectron spectroscopy ......................................................... 59

3.4.4

Thermogravimetric analysis.................................................................... 60

3.4.5

Brunauer-Emmett-Teller analysis ........................................................... 60

3.4.6

Scanning electron microscopy ................................................................ 60

3.4.7

Transmission electron microscopy ......................................................... 61

3.4.8

Energy-dispersive X-Ray spectroscopy .................................................. 62

3.5

Electrode preparation and coin-cell assembly ........................................... 62

3.6

Electrochemical characterization ............................................................... 64

3.6.1

Cyclic voltammetry................................................................................. 64

3.6.2

Galvanostatic charge and discharge measurement ................................. 65

3.6.3

Electrochemical impedance spectroscopy .............................................. 65

Chapter 4

The Preparation of the Nanosheets and their Applications in energy ..... 68

4.1

Preface........................................................................................................ 68

4.2

Experimental procedures ........................................................................... 72
10

4.2.1

Synthesis of bulk LiCoO2 particles ......................................................... 72

4.2.2

Synthesis of bulk LiFePO4 ...................................................................... 73

4.2.3

Synthesis of bulk LiMn2O4 ..................................................................... 73

4.2.4

Synthesis of the Nanosheets.................................................................... 74

4.2.5

Characterization ...................................................................................... 74

4.3

Results and discussion ............................................................................... 75

4.3.1

The basic concept of the exfoliation ....................................................... 75

4.3.2

The option of the solvent for the exfoliation .......................................... 79

4.3.3

The evolution of LiCoO2 from particles to nanosheets under exfoliation
83

4.3.4

Characteristic of the synthetic nanosheets .............................................. 85

4.3.5

The applications of the synthetic nanosheets .......................................... 90

4.4
Chapter 5

Conclusion ................................................................................................. 96
Few Atomic Layered Lithium Cathode Materials to Achieve Ultra-high

rate capability in Lithium ion Batteries ....................................................................... 98
5.1

Preface........................................................................................................ 98

5.2

Experimental procedures ......................................................................... 100

5.2.1

The synthesis of the materials ............................................................... 100

5.2.2

Characterizations................................................................................... 100

5.2.3

Electrode preparation and electrochemical measurements ................... 100

5.2.4

In situ X-ray diffraction measurements ................................................ 101

5.2.5

DFT calculations ................................................................................... 101

5.3

Results and discussion ............................................................................. 103

5.4

Conclusions .............................................................................................. 116

Chapter 6

Ultra-light and Flexible Pencil-Trace Anode for High Performance

Potassium-ion and Lithium-ion Batteries .................................................................. 118
6.1

Preface...................................................................................................... 118
11

6.2

Experimental procedures ......................................................................... 120

6.2.1

The synthesis of the materials ............................................................... 120

6.2.2

Characterizations................................................................................... 121

6.2.3

Electrode preparation and electrochemical measurements ................... 122

6.3

Results and discussion ............................................................................. 122

6.4

Conclusions .............................................................................................. 135

Chapter 7

Activated Graphite with Increased Rate Capability for the Potassium ion

battery

136

7.1

Preface...................................................................................................... 136

7.2

Experimental procedures ......................................................................... 138

7.2.1

Materials ............................................................................................... 138

7.2.2

Characterizations................................................................................... 139

7.2.3

Electrode preparation and electrochemical measurements ................... 139

7.3

Results and discussion ............................................................................. 139

7.4

Conclusions .............................................................................................. 149

Chapter 8

Conclusions and Outlook ...................................................................... 151

8.1

Conclusion ............................................................................................... 151

8.2

Outlook .................................................................................................... 153

REFERENCES .......................................................................................................... 156
APPENDIX A: LIST OF PUBLICATIONS ............................................................. 192

12

LIST OF FIGURES
Figure 2.1 Elemental resource: Abundances for alkali and alkali earth metals are
shown in blue, transition metals in red and main group elements in green. And their
standard redox potentials of metal anodes together with their capacities are given. ..... 6
Figure 2.2 Schematic representation of battery development over the centuries .......... 8
Figure 2.3 Illustration to show the basic components and operation principle of a
lithium ion cell.[18].......................................................................................................... 9
Figure 2.4 A diagrammatic sketch of open-circuit energy diagram in an aqueous
electrolyte. Φ A and Φ C are the anode and cathode work functions. Eg is the
potential window of the electrolyte under the condition of thermodynamic stability.[19]
...................................................................................................................................... 11
Figure 2.5 The structure of layered LiMO2.[20] ............................................................ 14
Figure 2.6 Crystal structure of olivine LiFePO4. ......................................................... 18
Figure 2.7 Crystal structure of spinel LiM2O4 ............................................................. 22
Figure 2.8 The crystal structure of the Li2MSiO4. ....................................................... 24
Figure 2.9 A schematic representation of the kinds of energy storage mechansims for
Li ions batteries.[97] ...................................................................................................... 26
Figure 3.1 Outline of the experimental procedures, which contains the preparation and
detection of the materials, the fabrication of the cell, the evaluation of the
electrochemical performance and the further discussions. .......................................... 47
Figure 3.2 Hydrothermal autoclave (Acid Digestion Bombs 4748) from Parr
Instruments (left) with a cross-sectional view (right). ................................................. 49
Figure 3.3 (a) A high shear laboratory mixer and its screen (b). (c-f) The work process
of the shear mixer......................................................................................................... 51
Figure 3.4 Vacuum filtration part for synthesizing the composite film. ...................... 53
Figure 3.5 The sketch of the formation of the film during the friction. ....................... 55
Figure 3.6 Bragg’s law can be derived from the geometrical relation between the
interplanar spacing d and the diffraction angle θ.[244] .................................................. 56
13

Figure 3.7 Stacking components of a CR2032 coin cell for the SXRD.[245] ................ 58
Figure 3.8 Energy-level diagram showing the states involved in Raman spectra. ...... 59
Figure 3.9 Stacking components of a CR2032 coin cell[246, 247]................................... 64
Figure 3.10 Typical schematic illustration of EIS and the related equivalent circuit for
LIBs (inset) [248]............................................................................................................ 66
Figure 4.1. Illustration of the crystal structures of the best performing positive
electrode materials: (a) LiCoO2, (b) LiFePO4, and (c) LiMn2O4 The common feature
among the three is their layered or approximately layered structure with an open
frame structure. Li atoms are shown in green, while the transition metals are
polyhedrally coordinated by oxygen atoms in red. The Co, Fe, and Mn are blue,
purple, and pink, respectively. ..................................................................................... 75
Figure 4.2 Data collected to represent the distribution of surface energy by the broken
bond model: (a) LiCoO2,[265] (b) LiFePO4,[269] and (c) LiMn2O4.[270]........................ 76
Figure 4.3 Photograph of LiCoO2 dispersions (Right, 2mg/ml) in different solvents
after one month compared with pure solvent (right): (1) N-methyl-2-pyrrolidinone, (2)
Isopropanol, (3) N,N-dimethyl acetamide, (4) H2O, (5) Dimethyl Formamide, (6)
Ethanol (7) 1,2-propanediol, (8) Toluene, (9) Ethylene glycol anhydrous. ................. 79
Figure 4.4 (a) XRD patterns of LiCoO2 particles in ethanol at different times. (b)
Magnification of segment of the XRD spectra of LiCoO2 particles. ........................... 81
Figure 4.5 The evolution of LiCoO2 from particles to nanosheets under exfoliation for
different times: (a) 0 min, scale bar: 1 μm, (b) 200 min, scale bar: 100 nm, and (c) 400
min, scale bar: 1 μm, (d) The proposed mechanism of the evolution from particles to
nanosheets under the exfoliation. Here, the red ball represents the bubbles generated
during the exfoliation because of the cavitation. ......................................................... 83
Figure 4.6 SEM images of the prepared bulk materials: (a) LiCoO2, scale bar: 10μm,
(b) LiFePO4, scale bar: 10μm, (c) LiMn2O4, scale bar:100nm; and nanosheets: (a)
LiCoO2, scale bar:100nm, (b) LiFePO4, scale bar:100nm, (c) LiMn2O4, scale
bar:100nm..................................................................................................................... 85

14

Figure 4.7 Raman spectra of the bulks and the corresponding nanosheets: (a) LiCoO2,
(b) LiFePO4, and (c) LiMn2O4. .................................................................................... 86
Figure 4.8 AFM topographical images and height profiles of the prepared nanosheets:
(a) LiCoO2, (b) LiFePO4, and (c) LiMn2O4; and (d) their thickness distributions. ..... 87
Figure 4.9 TEM images of the as-prepared TiS2 nanosheets (a-c) and (d) XRD spectra
of nanosheets (d) and corresponding bulk (e) of TiS2. ................................................ 88
Figure 4.10 TEM images of the prepared MnO2 nanosheets (a-b) and XRD spectra of
the nanosheets(c) and corresponding bulk (d) MnO2. ................................................. 89
Figure 4.11 Hysteresis loops of (a) LiCoO2 nanosheets and (b) LiCoO2 particles at
10K, 150K and 300K. Magnetizaiton versus temperature measured on LiCoO2
particles and nanosheets. .............................................................................................. 90
Figure 4.12 The prepared LiFePO4 nanosheets/graphene composite film .................. 92
Figure 4.13 XRD spectrum of the LiFePO4/graphene composite film ........................ 93
Figure 4.14 Electrochemical characterization of LiFePO4/graphene composite film: (a)
C-rate and (b) Long term cycling performance. .......................................................... 94
Figure

4.15

Electrochemical

characterization

of

LiMn2O4

powders:

the

charge-discharge curves of (a) Lithium ion battery and (b) Sodium ion battery. ........ 95
Figure 4.16 Electrochemical characterization of LiMn2O4 powders: the cycle
performance of (a) Lithium ion battery and (b) Sodium ion battery. .......................... 96
Figure 5.1 XRD patterns and crystal structures of synthesized powders (LiMn 2O4 (a),
LiFePO4 (d), and LiCoO2 (g)) and nanosheets (LiMn2O4 (b), LiFePO4 (e), and
LiCoO2 (h)), respectively. Here, the blue curves represent their theoretical peak
patterns of the corresponding particle materials and the crystal structures of the
nanosheets are also shown as inset images. HRTEM images of the synthesized
nanosheets: LiMn2O4 (c), LiFePO4 (f), and LiCoO2 (i), respectively. The upper left
inset images show their morphologies under low magnification and their scale bars
are 20 nm, 20 nm and 20 nm, respectively. The bottom right insets present their
selected area electron diffraction (SAED) patterns, respectively. The lattice spacings
are evaluated using the method reported. .................................................................. 103
15

Figure 5.2 In-situ XRD patterns during galvanostatic charge and discharge at the rate
of 0.5 C. Image plots of the diffraction patterns of the 2D cathode materials and
corresponding peaks: (a) LiMn2O4, (d) LiFePO4, and (g) LiCoO2. After refinement,
their lattice parameters (LiMn2O4: a; LiFePO4: b and LiMn2O4: a) were shown in
figure (c, f and i) to be changed, as were the charge/discharge times and
corresponding charge/discharge curves (b, e, and h) of LiMn2O4, LiFePO4, and
LiCoO2, respectively. ................................................................................................. 107
Figure 5.3 In situ XRD patterns of LiCoO2 powder during galvanostatic charge and
discharge at a rate of 1C. (a) The typical original pattern. (b) The image plot of
diffraction patterns for (003) refection during charge-discharge after analysis from the
original patterns. (c) The magnification of the selected area of (b). The diffraction
intensity is colour coded with the scale bar shown on the right. ............................... 109
Figure 5.4 Electrochemical performance of particles and nanosheets. Rate capabilities
of (a) LiCoO2, (c) LiFePO4, (e) LiMn2O4. Cycling performances of (b) LiCoO2, (d)
LiFePO4, (f) LiMn2O4 at C-rates of 0.1C, 1C and 0.1C, respectively. Here, the black
and red symbols represent the corresponding bulk and nanosheets materials,
respectively. ............................................................................................................... 110
Figure 5.5 Lithium diffusion coefficients of the powder and corresponding nanosheets
at different temperatures: (a) LiCoO2, (b) LiFePO4, (c) LiMn2O4. ........................... 112
Figure 5.6 De-intercalation mechanisms from density functional theory (DFT)
calculations. Electrochemical delithiation scheme for the two-layered LixCoO2
nanosheets from x = 1 to x = 0.5. ............................................................................... 114
Figure 6.1 The formation process for the pencil trace on filter paper as a transfer film.
.................................................................................................................................... 121
Figure 6.2 (a) Schematic diagram of the novel ultra-light electrode design compared
with a traditional electrode; (b) Stability of an integrated flexible pencil-trace/filter
paper electrode in terms of conductivity variation with different bending angles; (c)
Photograph of the converted pencil-drawing machine with detailed photographs of the
fixed pencil apparatus (d) and pencil-trace line (e); Filter paper separator before (f)
16

and after pencil-trace coating (g); (h) Commercial 8B pencil; (i-j) SEM image of
different magnification of the point of the pencil. ..................................................... 124
Figure 6.3 SEM images of filter paper (separator) at different magnification .......... 125
Figure 6.4 Morphology and microstructure of the as-prepared pencil-trace: (a) The
top-view SEM image, (b) cross-section image and (c) high-resolution cross-section
image of pencil-trace/filter paper; (d-g) STEM images of the graphite particles in
pencil-trace at different magnifications. (h) STEM image of pencil-trace composite
under Z-contrast transmission mode; (i-m) EDX mapping images of the C, Al, O and
Si, respectively; (n) Thickness Histogram of the selected clay nanosheets as indicated
in the Figure 6.4d. ...................................................................................................... 127
Figure 6.5 Characteristics of the pencil-trace: (a) XRD pattern and (b) Raman
spectrum of the pencil trace compared with pure graphite; (c) XPS survey spectrum of
the pencil trace; (d) C 1s XPS spectrum for the pencil trace. .................................... 129
Figure 6.6 Comparison of electrochemical performance (EC) of pencil-trace electrode
in KIB and LIB cells: (a) rate performance; (b) capacity retention at various current
densities; (d) cycling performance at current density of 0.4 A/g. (c) Comparison of
different electrode configurations (pencil trace + separator, pencil trace + copper foil
+ separator, and pencil trace + separator + aluminium foil). EC comparison of
pencil-trace anode and commercial graphite anode in KIBs: (e) Rate performance at
current density from 0.1 A/g (~0.36 C) to 1.1 A/g (~3.9 C); (f) Long-term cycling
performance at current density of 0.4 A/g. (g) Capacity plot of various carbon-based
electrodes for KIBs. [235, 236, 238, 240, 309, 327-329] (Note that all the reported capacities of
carbon-based electrodes are calculated based on the active material mass. Our work
would be the highest one if the capacity calculation is based on the total electrode
mass including the current collector.) (h) Schematic illustration of the layer-by-layer
architecture of the pencil-trace electrode. .................................................................. 132
Figure 6.7 (a) Cyclic voltammograms of the pencil-trace electrode in the initial four
cycles. (b) Thermogravimetric analysis (TGA) curve of a pencil trace recorded in air
at 5 ᵒC/min. The TGA results indicate that the pencil lead composite contains 42 wt %
17

clay (mainly SiO2 and Al2O3) and 58 wt % conducting graphite matrix. (c-d) dQ/dV
profile corresponding to the 50th charge-discharge curve (in Figure 6.7e) for a
potassium ion battery. (e) Charge/discharge curves of pencil-trace electrode at the
current density of 0.4 A/g in a potassium ion battery. The almost overlapping curves
after 50 cycles indicates its perfect cycling stability. (f-h) Optical images of the
electrode after disassembly in the air after different times; (i, j) SEM image of fresh
electrode at low and high magnification; (k, l) The morphology of electrode after 350
cycles at 0.4 A/g. ........................................................................................................ 133
Figure 7.1 Morphology of the surfaces of the as-prepared samples: (a) AC-0, (b)
AC-1, (c) AC-2, and (d) AC-3; scale bars: 100 nm. (e) Schematic illustration of the
evolution of the surface on the graphite. As the adsorption of K+ ions on the graphite
proceeded, the etching reaction was triggered by the following heat-treatment. Finally,
the smooth surface was broken and the rough morphology formed on the surfaces of
the resultant graphite particles. .................................................................................. 141
Figure 7.2 Structure of the as-prepared samples: (a) XRD patterns, and enlargements
of (b) the (002) peak and (c) the (004) peak, respectively. (d) The calculated spacing
of the graphite layers in the as-prepared samples. After activation, TEM images (e)
and (f) of AC-2 under different magnifications shows split level or inflated layers. 143
Figure 7.3 Illustration of (a) the E2g vibrational mode of carbon atoms in one graphite
layer and (b) an A1g zone-boundary mode at the edge of the graphite layer. (c) Raman
spectra of the samples obtained at the 532 nm wavelength, and (d) enlargement of the
G band and Dʹ band region, with the Dʹ band indicated by the arrows. .................... 145
Figure 7.4 Electrochemical performance of activated graphite and commercial
graphite electrodes: (a) Rate performance and (b) cycling performance of the sample
electrodes at 0.2 A/g. (c) 1st cycle discharge/charge curves versus Na at a current
density of 0.2 A/g for AC-0 and AC-2 electrodes. (d) 1st cycle discharge/charge
curves versus K at a current density of 0.05 A/g for activated graphite and commercial
graphite electrodes. .................................................................................................... 147

18

Figure 7.5 CV curves at different scan rates of activated graphite and graphite
electrodes: (a) AC-2 and (b) AC-0. (c) Peak current versus mV0.5 s-0.5 and the
corresponding linear fits. ........................................................................................... 149

19

LIST OF TABLES
Table 2.1 Typical electrolytes and their key factors for LIBs[19]. ................................................... 30
Table 3.1 Description and details of the main chemicals and materials used in this thesis. ........... 45
Table 4.1 Surface tension values of test liquids for dispersion ....................................................... 79
Table 4.2 Rietveld refinement results for LiCoO2 particles obtained at various temperatures. ...... 81
Table 5.1 The comparison of the initial capacity and recovery capacity after C-rate test. ........... 112
Table 5.2 Structure parameters of the nanosheet cathodes. .......................................................... 115
Table 7.1 The characteristics of the as-prepared powders. BET is Brunauer-Emmett-Teller....... 147

20

LIST OF ABBREVIATIONS
Abbreviation

Full name

LIB

Lithium-ion battery

NIB

Sodium-ion battery

KIB

Potassium-ion battery

a.u.

Arbitrary unit

BET

Brunauer Emmett Teller

2D

Two-dimensional

TMOs

Transition metal oxide compounds

cm

Centimeter

CMC

Sodium carboxymethyl cellulose

γ

Surface energy

FCC

Face-centered cubic

PVDF

Polyvinylidene Fluoride

CV

Cyclic voltammetry

DEC

Diethyl carbonate

EC

Ethylene carbonate

EDS

Energy dispersive X-ray spectroscopy

EIS

Electrochemical impedance spectroscopy

EV

Electric vehicle

FE-SEM

Field emission scanning electron microscopy

21

HEV

Hybrid electric vehicle

HRTEM

High-resolution transmission electron microscopy

JCPDS

Joint Committee on Powder Diffraction Standards

AFM

Atomic force microscopy

(h k l)

Miller indices

1D

One-dimensional

M

Metal element

mm

Millimeter

nm

Nanometer

Raman

Raman Spectroscopy

Li+

Lithium ions

K+

Potassium ions

Na+

Sodium ions

PTFE

Poly(tetrafluoroethylene)

GNSs

Graphene nanosheets

RDE

Rotating disk electrode

SAED

Selected area electron diffraction

SEI

Solid electrolyte interphase

SEM

Scanning electron microscopy

SHE

Standard hydrogen electrode

STEM

Scanning transmission electron microscope

DFT

Density Functional Theory
22

VASP

Vienna Ab-Initio Simulation Package

GGA

Generalized gradient approximation

D

Diffusion coefficient

LF

Low frequency

t

Diffusion time

TEM

Transmission electron microscopy

TGA

Thermogravimetric analysis

XPS

X-ray photoelectron spectroscopy

XRD

X-ray diffraction

23

LIST OF SYMBOLS
Symbol

Name

Unit

α

Kolmogorov length scale

m3/s3

Re

Reynolds number

Kg/m3

2θ

Detection angle in XRD

Degree

C-rate

Charge or discharge rate

mA/g

D

Diffusion coefficient

m/s

d

Lattice spacing

nm

E0

Standard electrode potential

V

F

Faraday’s constant = 96485

C/mol

I

Current

A

N

Avogadro's number = 6.022 × 10-23

mol-1

o

Degrees Celsius

-

P

Pressure

Pa

P0

Saturation pressure

Pa

Qs

Specific capacity

mAh/g

Rct

Charge transfer resistance

Ω

T

Temperature

K or °C

t

Time

h or s

Voc

Open circuit voltage

V

W

Warburg impedance

Ω

C

24

wt.%

Weight percent

-

Zre

Real part of the impedance

Ω

Zw

Warburg impedance

Ω

ηe

Coulombic efficiency

%

λ

Wavelength

Å

σ

Ionic conductivity

S/cm

25

LIST OF ORGANIZATIONS
Abbreviation

Full name
Cooperative Research Centre for Advanced Automotive

Auto CRC
Technology
ISEM

Institute for Superconducting and Electronic Materials

UOW

University of Wollongong

26

CHAPTER 1 INTRODUCTION
Energy can be extracted or captured directly from natural resources, including coal,
crude oil, natural gas, wood, wind, and solar energy, or by transforming these sources
into other types of energy, such as burning coal to make electricity and refining crude
oil to make petrol and diesel. Currently, most energy is still from the transformation
of fossil fuels. With increasing consumption of energy, the limited amounts of these
non-renewable resources will result in energy supply problems that we will have to
face in the future. Clean energy sources, such as solar radiation, wind, geothermal,
wave, and tidal energy resources, also hold considerable potential as promising
alternatives to substitute for fossil fuels. They are environmentally friendly, although
they are still intermittent, depending on the time or season, which will limit further
application to replace t fossil fuels. Therefore, the needs of the power storage systems
are inspiring researcher to develop better energy storage systems.
Batteries, which can efficiently convert chemical energy into electrical energy, have
demonstrated their enormous advantages and commercial value for efficient energy
utilization. Lithium-ion batteries (LIBs), with their high energy density of up to 180
Wh/kg, high working voltage of around 3.6 V, and longer charge retention, have
achieved tremendous success with an entire range of commercialized batteries and
have dominated the market for batteries to power portable electric devices. As
nanotechnology has developed, however, more nanosized electrode materials also
provide more ways to further improve the performance of the lithium ion battery.
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Following the successful development of two-dimensional (2D) nanosheet technology,
several routes have emerged as methods to synthesize various kinds of 2D nanosheets
for applications by the exfoliation of layered materials, including graphite, transition
metal oxides, hydroxides, chalcogenides, etc. Meanwhile, the thus-prepared 2D
nanosheets are also considered to be important for many applications in areas from
semiconductors to electrodes for electrochemical devices. Compared with t layered
materials with ordinary compositions, growing 2D nanosheets of the more
sophisticated compositions, such as lamellar cathode materials for batteries, still
remains a great challenge.
The usage of LIBs is ever increasing; although LIBs may suffer from the
technological unsustainability due to the rarity and uneven distribution of lithium
resources, which would result in increasing prices for LIBs. In order to develop
next-generation alkali ions batteries, much more effort is needed. Among them, the
alkali metals, particularly lithium (Li), have been brought into industrial utilization,
and graphite has also been developed as the standard anode for the Li+ battery due to
its high reversible capacity, flat voltage, and low cost. Concerns about future
shortages of lithium resources have shifted primary attention to the more abundant
resources, such as sodium (Na) and potassium (K). As reported, graphite anode
exhibits a higher theoretical capacity (~ 270 mAh/g) in potassium ion batteries (KIBs)
than in sodium ion batteries (NIBs) (~ 35 mAh/g), indicating that KIBs may be a
better candidate than SIBs for commercial graphite anode. Meanwhile, the potassium
ion battery has attracted more and more attention recently due to the wide distribution
2

of potassium and the higher redox potential of K/K+ (-2.92 V vs. standard hydrogen
electrode (SHE)) compared to that of Na/Na+ (-2.71 V vs. SHE), which makes the
potassium ion battery a potential alternative to lithium ion batteries.
A brief overview of the chapters in this thesis:
Chapter 1 introduces the general background, major problems, some approaches for
improving the electrochemical performance of LIBs, SIBs, and KIBs, and the
objectives of this study.
Chapter 2 presents a literature review on LIBs, SIBs, and KIBs, including the history
of batteries, general principles, basic concepts, and the recent research and
development in these areas.
Chapter 3 includes a list of the materials used in this doctoral work, as well as the
experimental procedures, synthesis methods, electrode preparation, coin-cell assembly,
and physical and electrochemical characterization techniques.
Chapter 4 exhibits a simple shear-assisted mechanical exfoliation method to
synthesize few-layered nanosheets of LiCoO2, LiMn2O4, and LiFePO4, in which the
basic concepts of exfoliation from the viewpoint of materials science, such as the
distribution of surface energy, the structure, and turbulent breakage of the materials,
are analysed. On the other hand, some applications of the as-prepared nanosheets in
energy storage are also presented such as the transfer of LiMn2O4 nanosheets from
LIBs to NIBs.
Chapter 5 investigates the influence of structure, composition, and morphology on the
electrochemical performance of three cathode materials in the form of nanosheets for
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LIBs, which reveals that zero-strain nanosheets could play the major roles in
increasing the long-term cycling performance of the LIBs.
Chapter 6 introduces a ultra-light, flexible, and current-collector-free pencil
trace/filter paper electrode obtained by directly drawing on the separator, which not
only achieved high mass loading of the active material on the rough surface of the
filter paper with strong adhesion, but also achieved high energy density batteries by
introducing this novel current-collector-free design.
Chapter 7 discusses the influence of the structure, composition, and morphology on
the electrochemical performance of deep-activated graphite anode for applications in
NIBs and KIBs, respectively.
Chapter 8 contains the general conclusions of this thesis and recommendations for
further research based on them, followed by the lists of references and publications
during the period of this study.
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CHAPTER 2 LITERATURE REVIEW
2.1 General background
Our Earth faces formidable sustainability challenges, calling for game-changing
research in a series of disciplines, such as the electrochemical energy storage.[1]
Substantial progress in energy storage is necessary for us to succeed in an energy
transition, which would open the way to a more carbon-neutral society.[2] To
minimize the ecological implications associated with the wider use of different kinds
of chemicals, integrating the sustainability of battery materials into our research
endeavours and choosing chemistries that have a minimum footprint in nature and low
cost concerns require that we greatly increase battery lifetime and consider second
lives for batteries.[1, 3] As part of this, we need new technologies to synthesize new
materials, new materials to develop new electrodes, new electrodes to realize new
battery designs, and new battery designd to bring on a revolution in energy storage.
The alkali metal ion battery, as a type of rechargeable battery in which alkali metal
ions move between the negative electrode and positive electrode during discharge and
charge processes, has been developed over the course of decades since the lithium
battery was first proposed by Harris in 1950s.[4] The rechargeable lithium-ion battery
has played an important role in energy supply for portable electronic devices,
including mobile phones, cameras, and laptop computers, in the past two decades.[5]
Following the growth in production of inexpensive, efficient energy systems, the
sodium ion battery has also shown potential for meeting large-scale grid energy
5

storage needs.[6] Recently, considering that the graphite vs. sodium cells only deliver a
maximum capacity of ~35 mAh/g, the potassium ion battery is starting to show its
special electrochemistry properties in batteries.

Figure 2.1 Elemental resources: Abundances for alkali and alkaline earth metals are
shown in blue, transition metals in red and main group elements in green. The
standard redox potentials of anodes together with their capacities are also given.

2.2 Lithium-ion batteries
As new vehicles after the 2013 model year have to have labels affixed that they reach
the fuel economy standard of 31 miles per gallon (MPG, based on free-way driving)
and various environment standards (International Organization for Standardization),
for developing the environmentally-friendly automobile products, hybrid electric
vehicles are one of the choices to meet these requirements.[7] In the hybrid design, the
best feature is combining the combustion engine with an outer electric motor powered
by batteries, which can outstandingly enhance the fuel efficiency as much as
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possible.[8] During the time when the electric motor propels the electric vehicle,
rechargeable battery packs are of special importance.[9] Among the various battery
technologies, the lithium ion battery system is the most attractive one for automotive
applications because of its relatively higher energy density.[10] This chapter presents
the history, general principles, theory, and growth trend for the lithium ion battery.

2.2.1 Brief history
The timeline of development for the lithium ion battery is shown in Figure 2.2. Firstly,
Alessandro Volta proposed the modern electrochemical cell model in 1800.[11] Then, a
series of electrochemical devices were developed afterwards, such as the lead-acid
batteries, Ni-metal batteries, and alkaline batteries.[12] In the 1970s, lithium batteries
(non-rechargeable) were commercialized due to their high capacity and rate capability,
and they are still in use today. As numerous inorganic compounds could reversibly
react with alkali metals, Whittingham investigated and employed titanium sulphide
(TiS2) as a cathode in the lithium batteries, and the results revealed that TiS2 could
form a single phase over the composition range of LixTiS2 (0 ≦ x ≦ 1) after the
intercalation of lithium ions into the layered dichalcogenide.[13] This also guided more
researchers to study of layered oxide materials, such as vanadium oxide (V2O5) and
molybdenum trioxide (MoO3), which were the earliest studied oxides.[14, 15] In 1980,
lithium cobalt oxide (LiCoO2), now the chemical compound most commonly used in
the positive electrodes of lithium-ion batteries, was discovered by John B.
Goodenough’s group, which was a milestone in the history of the lithium ion
battery.[16] Moreover, a Sanyo patent demonstrated the reaction mechanisms of Li
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intercalation in graphite in 1981, so the safety risk of pure Li anode in the batteries
was significantly reduced.[17] Finally, the first commercial lithium ion batteries,
containing LiCoO2 as cathode and graphite as anode, were developed by the Sony
Corporation in 1991. From then on, many kinds of electrode materials, such as spinel
LiMn2O4, olivine LiFePO4, Si, Sn, carbon, and transition metal oxides, have been
further studied to in the aim of replacing LiCoO2 cathode and graphite anode.
Nowadays, to further develop lithium ion batteries, different technologies, including
nanotechnologies, have been used to discover new materials.

Figure 2.2 Schematic representation of battery development over the centuries.

2.2.2 Basics concepts of lithium ion batteries
Typically, a lithium ion battery mainly is constructed from certain essential
components: the anode (negative electrode), the electrolyte (containing lithium ions),
the separator, and the cathode (positive electrode). Here, the electrodes are in parallel
and isolated from each other by a separator, such as a microporous polymer
membrane or glass fibres, allowing the exchange of lithium ions between the two
electrodes but not electrons. Depending on their different functions, solid electrolytes,
and gel and ceramic electrolytes have also been used in lithium ion batteries. The case
of a conventional LIB with graphite anode vs. LiCoO2 cathode is shown in Figure. 2.3.
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It illustrates how lithium ions are transferred from the LiCoO2 cathode to the graphite
anode through the electrolyte and separator during the charge process and back again
during the discharge process. Since lithium ions “rock” back and forth between the
anode and the cathode during cycling, the lithium ion battery is regarded as a
rocking-chair battery as well.
Negative electrode: LiCoO2 ↔ Li1-xCoO2 + xLi+ + xe-

(2.1)

Positive electrode: 6C + xLi+ + xe- ↔ LixC6

(2.2)

The basic design of the lithium ion cells that we use today is still the same as in the
cells that Sony commercialized in 1991, even though various kinds of advanced
electrode materials, stable electrolytes, and excellent separators have been explored.

Figure 2.3 Schematic illustration showing the basic components and principles of
operation of a lithium ion cell.[18]
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Figure 2.4 is a schematic diagram of the relative electron energies of the electrode
materials in an aqueous electrolyte of a thermodynamically stable battery. Here, the
reductant is used as the anode, the oxidant is used as the cathode, and the energy
separation Eg between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of the electrolyte is the potential window of
the cell. The electrochemical potentials of the two electrodes are defined as μA (anode)
and μC (cathode), respectively. When μA of the anode is above the LUMO, the
electrolyte will be reduced until a passivation layer has been created as a barrier to
reduce the electron transfer from the anode to the electrolyte LUMO; when μC of the
cathode is below the HOMO, the electrolyte will be oxidized until a passivation layer
is formed, blocking electron transfer from the electrolyte HOMO to the cathode.
Therefore, a passivating solid electrolyte interphase (SEI) layer on the
electrode/electrolyte boundary can boost the kinetic stability to a larger open circuit
voltage (VOC).
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Figure 2.4 Open-circuit energy diagram of a LIB with an aqueous electrolyte. ΦA and
ΦC are the anode and cathode work functions. Eg is the potential window of the
electrolyte under the condition of thermodynamic stability.[19]

2.2.3 Basic concepts
Before understanding the LIB system, some general concepts have to be discussed as
follows:
Open circuit voltage (VOC) is the maximum voltage recorded between the terminals of
a cell with absence of external current flow, determined by the difference in the
materials’ electrochemical potential between the anode and the cathode.

(2.3)
where 𝜇𝐴 is the anode electrochemical potential; µC is the cathode electrochemical
potential; n is the number of electrons; and F is the Faraday constant (96485 C/mol).
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Operating voltage: The voltage level for which an electrical system is designed and to
which certain operating characteristics of the system are related; also, the effective
(root-mean-square) potential difference between any two conductors or between a
conductor and the ground, which can be defined as:

–

(2.4)

where I is the working current, and R is the internal resistance of the cell.
Capacity (Q) is the total amount of charge in the electrode for the redox reaction
during the discharge/charge process in the battery.

∫

(2.5)

where t, I(t), n, z, and F are the time, the current, the number of ions (mol), the
valence of the ions, and the Faraday constant, respectively.
Specific capacity (Qs) for the charge or the discharge process can be described in
terms of the gravimetric specific capacity (mAh/kg) or volumetric specific capacity
(mAh/cm3). The specific capacity is calculated according to the capacity per unit
weight of the active material, or capacity per unit volume of the active material.
Irreversible capacity is attributed to the loss of lithium in the active materials during
charge and discharge processes. It is also the difference between the charge capacity
and the discharge capacity for different cycles.
Coulombic efficiency (ηe) describes the efficiency with which charge is transferred in
a system facilitating an electrochemical reaction, equalling the ratio of the charge
capacity of the cell to the discharge capacity of the cell at the nth cycle.
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Capacity retention can be represented by the ratio of the discharge capacity of
different cycles.
Energy density is the amount of energy stored in a given system or region of space per
unit volume or mass, which can be described in gravimetric (Wh/kg) or volumetric
(Wh/L) terms and used to compare the energy content between cells.
Power density is the amount of power, which would be described in gravimetric
(W/kg) or volumetric (W/L) terms and used to evaluate the rate capability of the cell.
The charge/discharge rate (C-rate) is utilized to specify the speed at which lithium
ions are charged or discharged. The capacity of a battery is commonly rated at 1 C,
meaning that a fully charged battery rated at 1 Ah should provide 1 A for one hour.
For example, 0.1 C means fully charging/discharging in 10 hours.

2.2.4 Cathode materials
Among the three key components, the cathode, anode, and electrolyte of lithium ion
batteries, the cathode material is usually regarded as the most important and
expensive one with the greatest weight in the battery, which is responsible the intense
research focus on this electrode. There have been a number of breakthroughs in the
past decade relating to the development of high energy and high power cathode
materials for lithium ion batteries. Those cathode materials can be classified, as
follows: layered oxides (LiMO2), spinel oxides (LiM2O4), olivine compounds
(LiMPO4), silicate compounds (Li2MSiO4), tavorite compounds (LiMPO4F), and
borate compounds (LiMBO3), where M is a metal.
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2.2.4.1 LiMO2
Figure 2.5 shows the perfect structure of LiMO2 layered compounds, where the blue
represents transition metal ions, the red balls are Li ions, and the oxygen anions have
been omitted for the clarity.[20] The 6-coordinated octahedral crystal sites are shown to
form a packed face-centred-cubic (fcc) lattice with cations. Here, the lithium cobalt
oxide (LiCoO2), as one of the typical types, has been commercialized for more than
20 years. Because of the intrinsic structural instability of this material after extracting
more than half of the lithium ions, only half of the theoretical capacity (~140 mAh/g)
can be delivered when it is used as cathode material.[21] Adding concerns about its
cost and toxicity, more research has been focused on substitutes for the cobalt ions to
develop much cheaper and more environmentally friendly layered compounds.

Figure 2.5 The structure of layered LiMO2.[20]
LiNi0.5Mn0.5O2, which has good electrochemical performance, was first reported in
2001 by Ohzuku et al.[22] Its electrochemical window is from 3.6 V to 4.3 V, and
tin-situ X-ray absorption spectroscopy (XAS) has further revealed an exchange
between Ni2+ and Ni4+.[23,

24]

LiNi0.5Mn0.5O2 has a transition metal layer with
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flower-like plane cations, in which Li ions are surrounded by Mn rings and Ni
rings.[25, 26] Therefore, this material is thermally stable below 300oC, and above that,
oxygen release and decomposition of materials would occur.[27] Moreover, the
migration of transition metal ions to the lithium layer on heating would also lead to
the structural change.[28] As the large amount of stable Ni distributed in the lithium
layer results in blocking lithium diffusion pathways, LiNi0.5Mn0.5O2 has a lower
diffusion coefficient than LiCoO2 and lower rate capability.[24]
To deal with the Li and Ni ion disorder affecting its rate capability, many new
compounds (LiCoxNiyMn1-x-yO2) have been created. Ohzuku et al. reported that
LiCo1/3Ni1/3Mn1/3O2 has perfect performance as a cathode material for the lithium ion
battery.[29] The theory that LiCo1/3Ni1/3Mn1/3O2 is naturally a solid solution of LiCoO2,
LiNiO2, and LiMnO2 was proposed due to their similar reversible capacity and
voltage profile.[30, 31] It is well known that the transition metal ions can be oxidized,
such as Ni2+ to Ni3+, Ni3+ to Ni4+, and Co3+ to Co4+ during lithium ion intercalation.
Mn4+ ions are not changed. Because of the overlap between O 2p and the M3+/4+ band,
when the charging is approaching the end, some electrons would be removed from the
oxygen ions, as a consequence of oxygen release. Therefore, LiCo1/3Ni1/3Mn1/3O2
shows an ~90% retention rate after 200 cycles at 24oC.[31] This is the reason why it
has excellent performance at increasing temperature.[30] Meanwhile, after reducing the
amount of cobalt, LiCo0.2Ni0.4Mn0.4O2 also has achieved similar results.[32]
The effects of cobalt ions and lithium ions in the compound are well known: cobalt
ions can enhance the stability of the material, and lithium ions can improve the
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capacity of the material, respectively. The lithium-rich compounds based on layered
oxides, Li[Li1/3-3-2x/3NixMn2/3-x/3]O2, have delivered larger capacity, overcoming the
limitations of the LiMO2 formula. Since the Li[Li1/9Ni1/3Mn5/9]O2 was first reported,[33]
many kinds of compounds with different contents of lithium have studied, and the
capacity of some of them may reach higher than 300 mAh/g.[34] Based on X-ray
diffraction, transmission electron microscopy (TEM), nuclear magnetic resonance
(NMR), and various calculation methods, the results show that excess lithium ions are
found in the transition metal layer and there is a sloping region around 4.5 V from the
oxidization of Ni2+ to Ni4+, which then disappears in the following cycling.

[35-40]

Some studies also think the mechanism of oxygen loss after lithium ion removal can
be attributed to the surface reaction between the electrode and electrolyte.[41]
Although these materials can deliver the highest capacity, which is more than 250
mAh/g, their C-rate is still very low, that is, no more than C/50. On the other hand, the
low C-rate and temperature performances may be because there is a block of
immovable ions in the lithium layer, which lead to the low lithium diffusion
coefficient and the intrinsic poor rate capability.[40]
Several studies also showed that the surface characteristics of the lithium-rich layered
compounds would significantly determine the electrochemical performance of the
materials. Different surface modifications led to different first-cycle capacity and rate
capability. To modify their electrochemical performance, a series of metal oxides,
including Al2O3, Nb2O5, Ta2O5, ZrO2, and ZnO, metal fluorides, and other polyanion
compounds have been used as the oating materials.[42-48] In the case of Al2O3, the
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results show that the cycling performance and rate capabilities of the materials were
improved after coating with Al2O3.[44] AlF3 coating also led to the formation of a solid
stable fluoride layer that would protect the active materials.[46] After coating, the
oxygen loss in the active materials would be suppressed, and therefore, the thermal
stability of the materials could also be improved.[49] Double layer coating and
composition gradients were also tried to develop optimal materials for batteries. A
buffer layer formed on the main active materials plays a role in improving the
materials’ performance.
Finally, the LiMO2 layered oxides have high capacity and deliver promising energy
density. Their low reversible capacity and high rate capability are still the bottleneck,
however, which impedes further commercialization of this kind of material.

2.2.4.2 LiFePO4
Polyanion materials are attracting attentions due to their inherent stability and because
the oxygen loss that occurs in traditional layered and spinel oxides could be delayed
or minimized. Here, LiFePO4 has been arousing wide interest because of its good
electrochemical performance, low cost, non-toxicity, high thermal stability, and
environment friendliness. It was also another compound found by Goodenough’s
group in 1997.[50]
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Figure 2.6 Crystal structure of olivine LiFePO4.
Figure 2.6 shows the crystal structure of LiFePO4, which contains slightly distorted
hexagonal-close-packed (hcp) anion oxygen arrays, with half of the octahedral sites
occupied by Fe and one eighth by Li. The LiO6 octahedra are edge-sharing, while the
FeO6 octahedra run parallel to the c axis and they alternate in the b direction. The a-c
planes containing the Li atoms are bridged by PO4 tetrahedra.[51] The computational
studies revealed that the path along the b axis is much more favoured than other paths
across the channels, which was further confirmed by high temperature powder
neutron diffraction and the maximum entropy method.[52, 53] LiFePO4 has excellent
cycling performance, although it has low energy density limited by the voltage and
poor rate capability limited by one-dimensional (1D) ionic transport and poor intrinsic
electronic conductivity, which are obstructing its application. Therefore, applying
other transition metal redox materials, including Co, Mn, and Ni, has been proposed
to improve its low energy density due to the Fe3+/Fe2+ redox couple. Additional
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methods, such as surface modification, size modification, and doping with other metal
ions, were also used to overcome this problem.
There are some other olivine structures used as electrode materials, such as
LiMnPO4,[54] LiCoPO4,[55] and LiNiPO4,[56] with voltages of 4.1 V, 4.8 V, and 5.1 V,
respectively. Due to the narrow voltage window of the current electrolyte, most
research work has been focused on LiFePO4, LiMnPO4, and its derivatives with Mn,
Co, or Ni doped into Fe site.[54,

57-63]

To achieve the optimal voltage as well as

enhancement of the performance, substitution percentages from 0% to 100% for Mn,
Co, Ni, and Mg dopants hasvebeen already studied.[64]
Surface modification with other electron conductors is a general method to enhance
the electronic conductivity of materials. Carbon layer coating has been proved to be
an effective method to improve the electronic conductivity of LiFePO4 materials.[65]
On the other hand, high ionic conductivity materials can also improve the Li ion
conductivity of materials. For example, high rate capability of LiFePO4 has been
achieved after coating with lithium phosphate, leading to a capacity as high as 130
mAh/g at 50 C.[66]
Minimizing the size of the particles is another effective strategy to increase the Li ion
conductivity due to the shortened Li-ion diffusion length and decreased antisite
defects. In the case of LiFePO4, a single immobile defect would block the long
diffusion paths along the b axis, and observed disorder of ~2.5 to 3% is common in
samples.[67,

68]

This also means that decreasing the disorder has been believed to

increase the electrochemical performance of the materials. Doping with a small
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amount iron in Li site would control the random distribution.[67] Instead of doping,
this effect can be also achieved by optimizing the annealing temperature.[69] Reduced
particle size could decrease the capacity for blockage and thus enhance tolerance to
antisite defects.[70]
The phase transfer in LiFePO4 is also amazing. At a plateau around 3.45 V vs. Li+/Li,
it has a two-phase lithiation/delithiation process according to Gibbs’ phase rule. There
is a room temperature miscibility gap between Li0.05FePO4 and Li0.89FePO4, which is
reported by Yamada et al.[71] Whether the two-phase process can bring any advantage
to the kinetics and conductivity is still under debate, however. Padhi et al. believed
that with Li insertion, the interface area will shrink and the reaction will be diffusion
limited after arriving at a critical surface area.[72] Chen et al., however, insisted that
there are intermediate zones between the lithiated and delithiated phases based on
their studies.[73] Laffont et al. denied the classical shrinking core mode to describe the
mechanism of the anisotropic lithium diffusion because they thought that there was no
solid solution at the interface with the delithiated phase.[74] In 2008, Delmas et al.
proposed a domino-cascade model in which a wave moving through the whole crystal
would occur along the a axis when the elastic energy is minimized.[75] There is still
great controversy relating to this model.
In a word, to overcome a lower voltage compared to LiCoO2, replacing Fe with other
transition metal ions, including Mn, Co, or Ni, particle size reduction, and carbon
coating could significantly improve the electrochemical properties of LiFePO4,
although its intrinsic low conductivity is still the key problem.
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2.2.4.3 LiMn2O4
As shown in Figure 2.7, spinel LiMn2O4 has the same structure as layered LiMO2.
Metal cations still occupy the octahedral sites but 1/4 of them are located in the Li
layer. This structure consists of a three-dimensional (3D) Mn2+ host, and the
vacancies in the transition metal layer ensure 3D Li diffusion pathways. In 1983,
Thackeray et al. proposed for the first time that LiMn2O4 could be used as a cathode
material. Due to the dissolution of Mn2+ and the generation of new phases during
cycling, LiMn2O4 shows severe fading of the capacity.[76,

77]

To overcome this

problem, inactive ions, including Mg, Al, and Zn, first row transition metal ions
including Ti, Cr, Fe, Co, Ni, and Cu, and rare earth metal ions, including Nd and La,
are used to substitute for Mn, with LiNi0.5Mn1.5O4 showing the best electrochemical
performance.
LiNi0.5Mn1.5O4 has two different symmetries in its structure, which is attributed to the
ordered structure space group P4332, where Ni ions (2+) occupy 4b sites and Mn ions
(4+) occupy 12d sites, and the disordered structure with space group Fd3M where Ni
and Mn ions are randomly distributed in 16d sites. Here, the redox couple of
LiNi0.5Mn1.5O4 is switched from Mn3+/Mn4+ to from Ni2+ to Ni4+, and its voltage is
increased from 4.1 V to 4.7 V. Therefore, it possesses excellent high energy density
compared to other layered cathode materials. Due to the presence of nickel oxides and
lithium nickel oxides, phase-pure LiNi0.5Mn1.5O4 is hard to achieve.[78, 79] Most of the
time, LiNi0.5Mn1.5O4-x was synthesized. The theoretical capacity of LiNi0.5Mn1.5O4 is
calculated to be 147 mAh/g, which is more than the 140 mAh/g for LiCoO2. As most
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of the Mn4+ is unchanged during charge/discharge process, it shows good long-term
cycling performance. Its C-rate still needs to be improved, however, due to its low
ionic conductivity, for which the Li diffusion coefficient is from 10-10 cm2/s to 10-16
cm2/s.

Figure 2.7 Crystal structure of spinel LiM2O4.
Doping small amounts of metal ions into LiNi0.5Mn1.5O4 is a widely used strategy to
improve some of its properties as an electrode material. The study of different dopant
ions, such as for cation and anion substitution into the phase-pure LiNi0.5Mn1.5O4,
shows that some metal ions (Fe, Cr, and Ti) may limit the growth of impurity phases,
while the cations could enhance their growth.[80-83] In additional, doping with Co and
Cu can improve the electronic conductivity and lithium diffusion coefficient, which
will be of benefit to long cycling performance and good rate capability of the
materials.[84, 85] The doping does not always have a positive effect on the properties of
these materials, however, because Fe, Al, and Mg tend to occupy the tetrahedral sites
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that result in the blocking of the lithium diffusion pathways.[85, 86] Reducing the size of
the materials is another approach to improve the C-rate performance of the materials.
Compare to the bulk materials, after reducing the size, not only are surface reactions
enhanced, but also the shortened Li diffusion length would improve the C-rate
performance in the material.[87] It should not be ignored, however, that the volumetric
energy density will greatly decrease with size minimization.
Due to its high energy density, good structural stability, and perfect cycling
performance, this high voltage spinel material shows promise for application in the
battery industry. Nevertheless, as the high voltage is outside of the window of the
normal electrolyte, the further application of these spinel materials has been blocked
to some extent.

2.2.4.4 Li2MSiO4
LiFeSiO4, as the first material of the Li2MSiO4 family, was reported by Anton Nyten,
and its structure is shown in Figure 2.8. The layered structure is composed of
transition metal and silicate tetrahedra with 2D diffusion pathways for Li ion
intercalation and diffusion. Theoretical capacity of up to 166 mAh/g can be delivered
when one Li ion is extracted and 333 mAh/g can be delivered when two Li ions are
extracted. By using different synthesis methods, including hydrothermal, microwave
solvothermal and sol-gel methods, various derivatives of LiFeSiO4, such as
LiMn0.5Fe0.5SiO4, have been synthesized already.
Following the strategy of carbon coating and nanosize minimization, a nanoscale
LiFeSiO4/C composite was synthesized and delivered 165 mAh/g, which is only half
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of its theoretical capacity (333 mAh/g), as less than one Li ion per formula unit was
extracted.[88] Moreover, carbon-coated LiFeSiO4 particles with size of ~20 nm were
synthesized by Muraliganth et al. Due to the decreased size, this sample delivered 150
mAh/g at 25oC and 200 mAh/g at 55oC, respectively.[89]

Figure 2.8 The crystal structure of Li2MSiO4.

Although Li2MnSiO4 has been produced using the sol-gel method, its disordered
structure leads to amorphization after charge/discharge.[90] The poor electronic
conductivity of the Li2MnSiO4 is another reason why ~0.6 Li ions are extracted per
formula unit in the first cycle. Later, Li2MnSiO4 samples made via the precipitation
method were examined by in situ X-ray diffraction (XRD), which confirmed its
structural instability during the charge/discharge process. Furthermore, Muraliganth et
al. believed that the change in the structure of Li2MnSiO4 was caused by the
Jahn-Teller distortion of Mn3+. Li2MnxFe1-xSO4 was synthesized via the solid-state
method and achieved the highest initial charge capacity of 214 mAh/g, although there
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was capacity fading of Li2MnxFe1-xSO4 after long cycling, as the Mn oxidation
problem is still not solved.

2.2.4.5 LiMBO3 and LiMPO4F
The borate family LiMBO3 is one of the lightest polyanion groups and has higher
theoretical energy density compared to other polyanion cathode materials due to its
3D dimensional FeBO3 framework.[91] Tavorite is a derivative class of the olivine
structure, and the crystal structure of LiMPO4F shows lithium ions are surrounded by
transition metal octahedra and phosphate tetrahedra. The introduction of fluorine into
the structure opens up the 1D ionic pathways to form multidimensional pathways for
Li ion diffusion.[92]
LiVPO4F, as a typical tavorite material, can deliver 140 mAh/g with a discharge
voltage of 4.05 V and 10% fading after 400 cycles, which shows the good structural
stability. Moreover, the study of LiFePO4F suggested that tavorites have high ionic
conductivity due to the opened diffusion pathways.[93] Although LiMBO3 (M = Mn,
Fe, Co) can only deliver 0.04 Li per formula unit according to the first report,[94]
LiFeBO3/C can achieve 91.8 mAh/g due to the formation of chains running along the
[001] direction in the 3D framework.[95] After finding that there was surface poisoning
by moisture in air, its capacity was further improved up to 200 mAh/g.[96] As new
examples of Li ion intercalation materials, both LiMBO3 and LiMPO4F need much
work to explore their further potential in battery application.
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2.2.5 Anode materials
Compared to the development of cathode materials for the Li ions battery, anode
materials have been studied more widely in past decades. By summarizing the results
reported previously, it is clear that the energy storage mechanisms of the anodes for
Li ions batteries can be classified into three categories: insertion, alloying, and
conversion reaction materials. Although not exactly the same as cathode materials, the
development of new anode materials is going to be focused on their structure,
composition, and morphology.

Figure 2.9 Schematic representation of the kinds of energy storage mechanisms for Li
ion batteries.[97]

2.2.5.1 Insertion-based anode materials
Insertion storage is the intercalation reaction that occurs in the structure of anode
materials, such as the layered structure of graphite, which can lead to high C-rates,
safe performance and long cycle life.[98] There are two ways to describe this reaction
process: one is heterogeneous insertion with constant operational potential; The other
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is homogeneous insertion with changing operational potential, although it provides
faster kinetics and better structural stability.[99] Although they are used to describe one
of the energy storage mechanisms, this is not due to the intrinsic performance of the
materials, which can be adjusted by changing the particle size or the ion ordering.[100]
This mechanism also can explain some energy behaviour of the cathode materials,
although the energy behaviour of some anode materials, such as carbon-based
materials and titanium-based materials, can also be described using the same
mechanism.[101]
Currently, the carbon-based anode materials, including graphite, are typical examples
following the insertion storage mechanism. Although the anodes of LIBs are primarily
made of graphite, its low theoretical capacity is still a major drawback. [102] With the
discovery of carbon nanotubes (CNTs) and graphene nanosheets (GNS), carbon
materials gave new promise that their capacity could be further developed.[103, 104] A
free standing composite, produced by growing CNTs on GNS paper, was developed
with minimal inactive volume.[105] Graphene, as another option for the development
of anodes for lithium ions batteries, provides improved capacity compared to graphite,
although it is not the best choice as anode material for lithium ions batteries due to its
high initial irreversible capacity loss and low coulombic efficiency (CE).[106] To
overcome this problem, enhancing its graphitization, which would improve the
electronic conductivity of graphene, has been proposed to increase the CE of
graphene-based anode materials.[107] Similarly, thermal annealing of the graphene
makes it a good candidate to replace graphite in commercial batteries.
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2.2.5.2 Alloying-based anode materials
This kind of anode material can deliver very high capacity by making lithium-based
alloys with metals/semi-metals. The point that cannot be neglected, however, is that
the utilization of this kind of materials is blocked by its large volume expansion, such
as with Si with volume change up to 440% after forming Li0.44Si.

2.2.5.3 Conversion-reaction-based anode materials
Conversion reaction storage describes the storage process in transition metal
compounds (MaXb, M = metal, X = O, S, F, P, N, etc.),

in which lithium reacts to

form LiyX and reduces the metals to their zero oxidation state. Although these
materials can deliver higher capacity at moderate cyclic life, they are limited by large
voltage hysteresis, which results in poor energy efficiency.[108]

2.2.6 Electrolyte
In alkali metal ion batteries, the electrolyte is one of the most important parts,
ensuring effective Li+ transport between the electrodes. The electrochemical stability
of the electrolyte is closely associated with kinetic rather than thermodynamic factors
during long term cycling. Typically, electrolytes can be classified into several
categories, such as organic liquid electrolytes, inorganic liquid electrolytes, ionic
liquid electrolytes, organic solid electrolytes, and inorganic solid electrolytes[19].
Typical electrolytes in these classes and their key factors have been listed in 错误!书
签自引用无效。.
Organic liquid electrolytes have been widely studied in recent years, in which LiFP6
serves as the Li salt and carbonates, such as ethylene carbonate/diethyl carbonate
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(EC/DEC) and EC/dimethyl carbonate (DMC), serve as solvents. This electrolyte
system is suitable for the LIB industry and typical electrode material testing in the
laboratory. In order to achieve superior electrochemical performance, however, the
combination of solvents, Li salts, and additives needs to be intensively studied and
further extended to other battery systems, such as SIBs and KIBs. Generally, the
following requirements should be considered for an ideal electrolyte in a given
system[109]:
(1) Non-flammable and environmentally friendly;
(2) Electronically insulating;
(3) Low-cost;
(4) Wide discharge and charge stability window;
(5) High ionic conductivity (σ) (> 10-4 S/cm) and low electronic conductivity (< 10-10
S/cm);
(6) Transference number σLi+/σtotal ≈ 1 (where σtotal includes the conductivities of
other ions in the electrolyte and σLi+).
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Table 2.1 Typical electrolytes and their key factors for LIBs[19].

2.3 Sodium-ion battery
After comparing different electrochemical grid-scale energy systems, lithium ion
batteries have been thought to be the best electrochemical grid-scale energy system
due to their high operational voltage and high volumetric energy density.[110, 111] The
distribution of Li resources on the earth is estimated to be 30-40 Mt, however, so the
increasing demands on the lithium ion battery industry will be difficult to satisfy in
future.[112, 113] Sodium (Na) is the sixth most abundant element in the Earth’s crust (≈
2.6%), and virtually unlimited Na resources are available from sea water. Although
the large ionic size of Na (1.02 Å) and its low standard electrochemical potential (~
2.71 V vs. Na+/Na) compared with those of Li (0.76 Å and 3.04 V vs. Li+/Li,
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respectively) result in low power, low energy density, and the need for for larger sized
batteries, after weighing its pros and cons, the sodium-ion battery has still been a hot
topic recent years in the search to develop cheap and sustainable electrochemical
grid-scale energy systems. Similar to the case of lithium ion battery chemistry,
layered and polyanionic compounds have been extensively studied as cathode
materials, and carbon-based materials, metal oxide compounds, and metals have been
investigated as anode materials

2.3.1 Cathode materials
2.3.1.1 Layered transition metal oxide compounds
Na-containing layered transition metal oxide compounds (TMOs), as one type of the
cathode material was already being investigated in the 1980s.[114-117] After a long
break, it has attracted the interest of scientists again.
P2-type Layered TMOs, such as NaxCoO2 and NaxMnO2, have been widely
investigated. NaxCoO2 tends to be P2-type (ABBA stacking) when x is in the range
from 0.68 to 0.76,[118] although early work showed that the P2 phase is stable in the
range from 0.46 to 0.83, indicating superior structural reversibility.[119-121] Both the
experimental results and theoretical calculations have demonstrated that the Na
diffusion rate in P2-NaxCO2 is higher than in LiCoO2.[122] It can deliver a reversible
capacity of 107 mAh/g at 0.1 C in the potential window between 2 and 3.8 V vs.
Na+/Na because Na ions can migrate in a honeycomb sublattice in P2 phase with a
low Na concentration, which has a lower energy barrier than at high Na
concentrations.[123] Compared to P2-NaxCoO2, P2-NaxMnO2 has the similar
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electrochemical activity when x is in the range from 0.45 to 0.85. Unfortunately, it
shows an intrinsic low Na diffusion rate and poor structural stability due to its
Jahn-Teller effect.[124] To further improve the reversibility of P2-NaxMnO2 over long
cycling, Ni ions or Fe ions are doped into P2-NaxMnO2, which result in excellent
performance, such as P2-Na0.67Ni0.33O2 cathode with a theoretical capacity of 170
mAh/g.[125] Here, the P2 structure can be maintained with more than 0.33 Na
occupying the unit cell. On decreasing the Na content to less than 0.33, the minor O2
type structure will mixed around the P2 type stacking, which would result in stable
capacity retention in a narrow potential window between 2.3 and 4.1 V vs. Na+/Na.
Similarly, other types of metal ion doping also can achieve the same effect, with
metals such as Ni, Fe, Co, Ti, etc.[125-130]α-NaFeO2, as one of important Na-TMOs,
can deliver a low reversible capacity of 90 mAh/g in the potential window between 3
and 3.6 V vs. Na+/Na due to the instability of Fe4+ at high voltage. In addition, after
doping with other metals, some complex compounds were synthesized, such as
P2-NaxFe0.5Mn0.5O2 with a reversible capacity of 190 mAh/g at 0.05 C.[131]
P2-Na0.7[Fe0.5Mn0.5]1-xCox]O2 was examined by in situ synchrotron XRD and
demonstrated a phase transformation from P2 to O2 above 4.1 V vs. Na+/Na.[132] After
doping with metal ions, unfavourable phase transitions can be avoided, and
P2-Na2/3Mn1/3Fe1/3Co1/3O2 can deliver stable cycling behaviour above 4.1 V vs.
Na+/mNa.[133] To further trigger this behaviour, other more interesting combinations
have also emerged, such as Na1-xLixNi0.5Mn0.5O2+d,[134] Na0.6Cr0.6Ti0.4O2Na0.67,[135]
Ni0.33Ti0.67O2,[136] and Na0.67Ni0.67Sb0.33O2.[137]
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O3-type TMOs, including O3-NaMnO2, O3-NaCrO2, O3-NaFeO3, and O3-NaNiO2,
have been studied by many groups. O3-NaMnO2, as an early reported cathode
materials for sodium batteries, has two phases: αand β.[116] α phase O3-NaMnO2 is
able to deliver a discharge capacity of 185 mA h/g at 0.1 C.[138] O3-NaCrO2 is known
to be inactive in lithium ion batteries, while it can deliver a reversible Na capacity of
~120 mAh/g in the potential window between 2 and 3.6 vs. Na+/Na.[139-141] The most
important point is that it exhibits high rate capability, which can deliver 99 mAh/g
discharge capacity at 150 C.[142] O3-NaNiO2 is capable of delivering a reversible
capacity of 114 mAh/g in the voltage window of 1.5-4.0 V vs. Na+/Na at 0.1 C.[143]
Yuan et al. claimed that O3-NaFe0.2Mn0.4Ni0.4O2 represents a mixed phase in the
transition from the P3 to the OP2 phase, which has a smaller inter-slab distance than
the P3 phase in the high-voltage region, resulting in stable cycling performance.[144] A
reversible

structural

change

occurs

during

electrochemical

cycling

as

O3→O1→P3→P1.[145] An O3 cathode with a composition gradient form inner to the
outer was proposed to achieve a high discharge capacity of 157 mAh/g at the current
density of 15 mA/g.[146]
Moreover, Na0.44MnO2 and vanadium oxides have been thought to be attractive
cathode materials for sodium ion batteries. As a reversible electrochemical process
occurs in the Na composition range between 0.25 and 0.65, Na0.44MnO2 has a
discharge capacity of 110 mAh/g. In the case of vanadium oxide (VOx), its graphene
based composite exhibited a high and reversible capacity above 110 mAh/g, which
was retained after 1500 cycles.[147]
33

2.3.1.2 Polyanionic compounds
Although there are no Na diffusion paths in the olivine NaFePO4, an
electrochemically active olivine NaFePO4 can be synthesized by delithiation and
subsequent sodiation of LiFePO4.[148] The results show that the solid-solution phase is
favourable for x > 2/3 at room temperature, whereas phase separation occurs for x <
2/3.[149] The structure of Na2/3FePO4 can be attributed to the P21/n supercell, although
its electrochemical properties in Na ion batteries are not very good, resulting in limits
to its further application.[150-152] In addition, NaFePO4 in the form of nanosized
particles rather than microsized can become electrochemically active and deliver a
reversible capacity of around 140 mAh/g.[153]] It was pointed out that the origin of the
electrochemical activity comes from a rapid phase transformation from maricite
FePO4 to amorphous FePO4 when the Na ions are deintercalated.[154]
Sodium superionic conductor (NASICON) type materials, such as Na3V2(PO4)3, have
always been classical cathode materials for sodium ion batteries due to their open
framework structure, which allows fast Na ion transport.[155-158] In the multi-electron
redox reaction of V (2+/3+, 3+/4+, 4+/5+), Na3V2(PO4)3 can deliver ~117 mAh/g,
which equals the extraction of two Na ions from the its crystal cell.[157] Other
phosphate

compounds,

such

as

Na3Fe2(PO4)3,[159]

NaMnFe2(PO4)3,[160]

and

Na3Fe3(PO4)4,[161] have also introduced to develop new Na ion batteries.
The doping of highly electronegative fluorine ions into the phosphate based structure
give the chance to develop the high-voltage electrodes for SIBs. Like Na2MePO4F
(Me = Fe, Mn, Co, and Ni), in Na2FePO4F, around 0.8 Na can de/intercalate in Na-ion
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cells,[162] and Na2CoPO4F has the high voltage redox couple Co2+/3+, which delivers
approximately 107 mA h/g of reversible capacity.[163]
Since Na2Fe(SO4)2 2H2O was first discovered by Reynaud et al., work to increase its
poor electrochemical performance and moisture sensitivity has been carried out by
many researchers.[164, 165] In the case of Na2Fe(SO4)2∙2H2O, it exhibit a reversible
capacity of 70 mAh/g with a voltage of 3.25 V.[166] Then, a new alluaudite,
Na2Fe3(SO4)3, was proposed as a cathode material for the Na ion battery.[167]
Na2.5(Fe1-yMny)1.75(SO4)3 compounds were investigated, which showed marginal
electrochemical activities of Mn2+/Mn3+ as cathode materials for Na ions battery.[168]
Just as in the Li ion battery, the pyrophosphates are also one of the candidates for the
Na ion battery as cathode electrode materials. Na2FeP2O7, as the first
electrochemically active material, was introduced to deliver a reversible capacity of
82 mAh/g in application in Na ion batteries.[168,

169]

To further optimize its

electrochemical properties, carbon coating and modifying the stoichiometry of the
compositions have been adopted to obtain better cycling stability.[170] Moreover,
development of β-Na2MnP2O7 as a cathode material has continued, which has a
reversible capacity of 80 mAh/g in the Na ion battery. Other pyrophosphate
compounds, such as Na2(VO)P2O7,[171] Na2MnP2O7,[172] Na3TiP3O9,[173] and
(MoO2)2P2O7,[174] are also reported with acceptable electrochemical properties for Na
ion batteries.
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2.3.1.3 Prussian blue family
Due to their fast Na de/intercalation without lattice distortion, as well as their low
element cost, low toxicity, and easy synthesis at room temperature, Prussian blue
analogues were introduced for the development of Na ion batteries. The KFe2(CN)6
electrode has a capability of 60 mAh/g via the Fe3+/Fe2+ redox couple, with a voltage
plateau at 3.0 V vs. Na+/Na.[175] Then, NaFe2(CN)6 was also used as a cathode
materials for the Na ion batteries and delivered a capacity of 118 mA h/g.[176] Na-rich
compounds, like Na1.72MnFe(CN)6, were developed as cathode materials offering
Mn2+/Mn3+ and Fe2+/Fe3+ redox reactions.[177]

2.3.1.4 Organic cathodes
Disodium rhodizonate (Na2C6O6), as one of the candidates to replace the common
inorganic electrode materials, was reported with a layered structure and investigated
as cathode material for Na ion batteries.[178] It shows a reversible capacity of 170
mAh/g

with

good

cycling

properties.

Moreover,

3,

4,

9,

10-perylene−tetracarboxylic-acid−dianhydride is well known as a potential cathode
for Na ion batteries.[179] Its reversible capacity can reach above 145 mAh/g in the
voltage range from 1 to 3 V vs. Na+/Na. C6Cl4O2 was also proposed recently by Kim
et al., which can deliver ~161 mAh/g at the voltage plateau of 2.72 V.[180]

2.3.2 Anode materials
2.3.2.1 Carbon
Carbon, with wide applications from biotechnology to energy storage, is regarded as
the universal material. In the present research on anode materials for Na ions batteries,
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it is also one of the important anode materials. Because of the unfavourable
thermodynamics of the formation of either NaC6 or NaC8, the early work showed that
graphite has a limited reversible capacity of around 12 mAh/g.[181,

182]

Thus,

non-graphitic carbon, such as hard carbon, amorphous carbon, defect-rich graphene
and functionalized graphite, have been studied.[183-186] In the case of hard carbon,
pryrolyzed glucose can deliver a high specific capacity (around 300 mAh/g), which
makes the hard carbon a promising anode for sodium ions battery.[187] As research has
been carried out more and more deeply, the sodium ion storage mechanism can be
proposed: (a) The defective sites offer sodium ion intercalation. (b) The hard carbon
lattice offers sodium atom adsorption. (c) The pore surface provides the sodium atom
adsorption.[186] Moreover, heteroatom-doped-carbon delivers improved the reversible
capacity. For example, after doping with sulphur atoms, the carbon anode has a
reversible capacity of around 400 mAh/g.[188] However, the large irreversible capacity
in the initial discharge still limits their practical utilization.

2.3.2.2 Metal oxides
Similar to their action in lithium ion batteries, the metal oxides are also classified into
both intercalation and conversion reaction compounds.
In the case of the intercalation-based materials, TiO2, Li4Ti5O12, and Na-Ti-O
compounds have been studied as potential anodes for sodium ion batteries. TiO2
nanotube was first employed as anode for the sodium ion battery in 2011, which
attracted more interests to carry out the more research on it.[189-199] The results of in
situ XRD and ex situ XPS were used as the proof of the argument that the sodium ion
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storage

mechanism

in

TiO2

was

intercalation

based.[198,

199]

There

are

pseudo-capacitive reactions that occur during the initial discharge process, leading to
a structural rearrangement, and finally, a disproportionation reaction occurs, resulting
in the formation of Ti and O2. Li4Ti5O12 (LTO) was reported as an anode materials for
application in the sodium ion battery by Hu’s group, which provides a reversible
capacity of around 150 mAh/g.[200] The in situ XRD data confirmed that LiNa6Ti5O12
and Li7Ti5O12 are formed during the sodium ions intercalation due to the different
sizes of sodium and lithium ions in the LTO lattice. The following research on
size-dependent sodium ion storage showed that nanosizing the LTO is critical to
trigger the sodium ion insertion.[201] Following this criterion, LTO/C nanofibers and
small LTO particles were studied as anode materials for the sodium ions battery.
Moreover, Na-Ti-O compounds, such as the first reported Na2Ti3O7, are also other
important anode materials for the sodium ion battery.[202] Density functional theory
(DFT) calculations demonstrated that shifting the Ti-O slab and modifications within
the Ti-O framework resulted in changes in the sodium site environment,[203] which
explain the low Na storage voltage of Na2Ti3O7. As the solid-electrolyte interphase
(SEI) is partially dissolved during the charge process, Na2Ti3O7 shows poor cycling
stability. Other types of compounds, such as trigonal and monoclinic Na4Ti5O12, have
also been reported as potential anode materials for the sodium ion battery.[204, 205]
Conversion reaction compounds, including iron oxides, cobalt oxides, and copper
oxides, are a type of material that can deliver high reversible capacity in the sodium
ion battery.[206-208] For example, flexible and porous CuO nanorod arrays obtained by
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engraving Cu foil had a high specific capacity of around 640 mAh/g at 200 mA/g with
a stable cycling performance.[209] Iron oxides, which deliver the theoretical capacity of
926 mAh/g in a lithium ion battery, have a lower capacity in sodium ions battery,
which can be attributed to the sluggish kinetics of sodium ions due to their large ion
size and the different nature of the SEI layer between the electrode and electrolyte.
Mesoporous Co3O4 anode also exhibited good electrochemical performance because
the porous structure can host large volume changes and allow fast transfer during
charge/discharge.

2.3.2.3 Others
Many studies have focused on the intermetallic compounds because of their high
theoretical capacity and low sodium storage potential. Tin, as an important anode
material, allows a maximum of 3.75 sodium atoms to form the solid phase Na15Sn4
according to the phase diagram. Therefore, the repeated structural changes coming
from the 3.75 sodium ions would result in large capacity fading. Sn-based
nanocomposite structures have been used to overcome this problem. Porous carbon
was regarded as providing both electron transfer channels and barrier layers to
improve the transfer of electrons and decrease charge segregation.[210, 211] Qian and his
colleagues reported that their Sb/carbon composite had an initial capacity of 610
mAh/g due to the form of Na3Sb Compared with Sn, Sb exhibits better cycling
stability in the sodium system, as its expansion problem is less severe in the
hexagonal phase.[212] Sb-based nanocomposites, including SiC-Sb-C, Sb-acetylene
black, Sb−multi-walled carbon nanotube (MWCNT), and FeSb-TiC-C, have been
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investigated as anode materials for the sodium ion battery.[213-215] The first use of
phosphorus as anode material for the sodium ion battery was studied by Kim’s
group.[216] Because of its severe volumetric expansion, electrolyte decomposition, and
poor electrical conductivity, red phosphorus exhibits relatively poor cyclability, even
after mixing with carbon nanotubes (CNTs).[217] Silicon and germanium have also
been used as anode materials to be applied in sodium ion batteries. Although Si and
Ge are predicted to be incapable of storing sodium ions in their crystalline structures,
some interesting results have been reported by researchers. Amorphous Si
nanoparticles could deliver a reversible capacity of 248 mAh/g, as found by Xu et
al.,[218] and amorphous Ge nanowires exhibited a capacity of 370 mAh/g.[219]

2.4 Potassium ion battery
In searching of alternatives to the lithium ion battery, not only the sodium ion battery,
but also magnesium, calcium, aluminium, and potassium ion batteries have also been
proposed as possible replacements for the lithium ions battery. The potassium ion
battery was firstly reported in 2004, and it used Prussian blue as its cathode
material,[220] which shows more advantages compared with the sodium ions battery,
due to such factors as its large cell voltage,[221] the abundance of potassium,[222] and its
straightforward electrochemical behaviour.[223-225]

2.4.1 Potassium ion battery cathode materials
Since the first reported cathode was proposed, Prussian blue (PB) and its analogues
have attracted more and more interest for development as the cathode materials for
the potassium ion battery. Cui et al. reported that KFe IIIFeII(CN)6 showed excellent
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cyclability because the “hole” in its framework is large enough to host large
potassium ions. The preferred sites for the intercalation of K+, Rb+, and Cs+ are the
body-centred 8c sites.[226] Meanwhile, the intercalation will result in different voltages,
such as 3.7 V (K+). On the other hand, the “stable” structure of Prussian blue also
makes a contribution to maintaining its good cyclability. Its electrochemical reaction
occurs as follows:[227]
KFeIIIFeII(CN)6(PB)+K++e-→KFeIIIFeII(CN)6(PB)(PW)
Therefore, Prussian blue can deliver the reversible capacity of ~53.8 mAh/g.[228] The
low density of Prussian blue still limits its application in the potassium ion battery as
the power supply for portable electronics or electric vehicles.
In addition to the PB based cathode materials, FePO4 was also reported, which was
synthesized by a sol-gel method. The resultant FePO4 can deliver ~156 mAh/g in the
potential window between 3.5 and 1.5 V.[229] It was reported that K0.3MnO2, as a
layered birnessite cathode material, could deliver capacity of 135 mAh/g in the
potential range of 1.5-4.0 V.[230] It showed good cycling performance, however, after
the potential range was decreased to 1.5-3.5 to avoid the irreversible phase transition
at high voltage. Based on potassium titanium phosphate as cathode material in
potassium ions batteries, it was proposed that most cathode materials for the lithium
ion battery with cubic channels might also be used in potassium ion batteries.[231]
Moreover, organic molecules, including perylene tetracarboxylic dianhydride and
poly(anthraquinonyl sulphide), are still promising candidates for development as
cathodes for the potassium ion battery.[179, 232-234]
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2.4.2 Potassium ion battery anode materials
After reviewing the anode materials for lithium ion and sodium ion batteries, carbon
anode, as the typical intercalation material, was also employed as the anode in
potassium ions battery.[235] Graphite anode delivered a high reversible capacity of 273
mAh/g in 0.8 M KPF6 in EC/DEC at C/40, which is close to its theoretical capacity of
279 mAh/g and further proves the formation of the KC36, KC24, and KC8.
Polynanocrystalline graphite made by chemical vapour deposition exhibits good
cycling performance due to its lower volumetric expansion.[236] The effects of
different binders on the anode electrode in the potassium ion battery were also
investigated, and the results showed that sodium carboxymethyl cellulose and sodium
polyacrylate can improve the coulombic efficiency in the 1st cycle.[237] Graphene and
its derivatives were also employed as anode materials and showed improved capacity,
as in the case of F-doped graphene foam, which has 906 mAh/g capacity in the
potential window of 0-1.5 V and good rate capacity, even more than 220 mAh/g at the
current density of 5000 mA/g.[238] Moreover, it has been observed that soft carbon has
better rate performance in the potassium ion battery than in the sodium ion battery
because of the higher relative operating potential of the soft carbon with respect to
K+/K.[239, 240]Ti3C2, an MXene, has been proposed as a potential electrode material for
the potassium ion battery, and its theoretical capacity is around 192 mAh/g.[241] The
electrochemical behaviour of an Sn-based anode, which was prepared via mechanical
ball-milling, was reported by Alexey et al., and the mechanism of alloying/de-alloying
during discharge/charge processes has also been proposed.[242] Phosphorus-based
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alloys as anode materials for potassium ions battery have also been reported by Guo et
al..[243] The potassiation and depotassiation mechanism may be described by the
following equations:
Sn4P3 + (9-3x)K ↔ 4Sn + 3K3-xP
23Sn + 4K ↔ K4Sn23
K4Sn23 + 19K ↔ 23KSn

2.5 Objectives and scope of research
In this doctoral work, the main objective was to improve the electrochemical
performance of electrode materials for alkali metal ion batteries through
nanotechnology, such as preparing 2D nano-materials. After understanding the
mechanism of the effect of the 2D cathode materials on the performance of the LIBs,
the main work involved studying the mechanism and performance of the different
anode materials in different systems, including SIBs and KIBs, respectively, with the
aim of understanding the effects of different sizes of the alkali metal ion containing
particles on the performance of the electrode. Therefore, the overall objective of this
doctoral work is to understand the electrochemical behaviour of the alkali metal ions
and develop advanced electrode materials for alkali metal ion batteries. In Chapter 1,
the general background, major problems, and some approaches for improving the
electrochemical performance of alkalis metal ions are simply introduced. The
importance and objectives of the study are also discussed.
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Chapter 2 presents a thorough literature review on LIBs, SIBs and KIBs, especially
with respect to the role of cathode materials for LIBs and the development of the
SIBs.
Chapter

3

presents

the

chemicals

and

methods

used

to

synthesize

composite/nanostructured materials. This chapter also presents the instrumental
analysis techniques used to characterize the electrode materials, such as X-ray
diffraction (XRD), synchrotron X-ray diffraction and so on.
Chapter 4 mainly introduces a general method to prepare 2D nanosheets materials,
especially the cathode materis including LiCoO2, LiFePO4 and LiMn2O4.
Chapter 5 investigates the influence of exfoliation on the performance of LiCoO2,
LiFePO4 and LiMn2O4 nanosheets cathode materials for LIBs.
Chapter 6 introduces an ultra-light, flexible and current-collector-free pencil
trace/filter paper electrode by directly drawing on the separator for the application of
the LIBs and SIBs.
Chapter 7 investigates the influence of the structure, composition, and morphology on
the electrochemical performance of deep-activated graphite anode for the applications
of NIBs and KIBs, respectively.
Chapter 8 summarizes the overall doctoral work and provides some suggestions for
further research work related to these composite/nanostructured materials.
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CHAPTER 3 EXPERIMENTAL
3.1 List of materials
The list of chemicals and materials used during this this thesis work for the synthesis
and characterization of materials is presented in 3.1.
Table 3.1 Description and details of the main chemicals and materials used in this
thesis.
Materials/Chemicals
N-methyl-2-pyrrolidinone

Isopropanol

N,N-dimethyl acetamide

Dimethyl formamide

Formula
C5H9NO

(CH3)2CHOH
CH3CON(CH3)2
HCON(CH3)2

Purity

Supplier

98%

Sigma-Aldrich

99.7%+

Sigma-Aldrich

99%

Sigma-Aldrich

99%

Sigma-Aldrich

Ethanol

C2H5OH

Reagent

Q-Store Australia

1,2-propanediol

CH3CH(OH)CH2OH

99%

Sigma-Aldrich

Toluene

C6H5CH3

99.8%

Sigma-Aldrich

Ethylene glycol anhydrous

HOCH2CH2OH

99.8%

Sigma-Aldrich

Cobalt(II) acetate tetrahydrate

Co(CH3COO)2·4H2O

99.9%

Sigma-Aldrich

Ammonium bicarbonate

NH4HCO3

99%

Sigma-Aldrich

Potassium hydroxide

KOH

90%+

Sigma-Aldrich

Iron(II) chloride

FeCl2

98%

Sigma-Aldrich

Lithium phosphate

Li3PO4

99%

Sigma-Aldrich
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Lithium carbonate

Li2CO3

99%

Sigma-Aldrich

Manganese(II) acetate

Mn(CH3COO)2 4H2O

99．99%

Sigma-Aldrich

Carbon black

C

Super P

Timcal Belgium

Electrolyte

LiPF6-EC/DEC

BG

Guotai-Huarong

Graphite

C

n/a

Fluka

Hydrochloric acid

HCl

37%

Sigma-Aldrich

Hydrogen peroxide

H2O2

30%

Sigma-Aldrich

Lithium foil

Li

BG

Ganfeng

Lithium hexafluorophosphate

LiPF6

99.99%

Sigma-Aldrich

Poly(vinylidene) fluoride

(CH2CF2)n

n/a

Sigma-Aldrich

Potassium permanganate

KMnO4

99%+

Sigma-Aldrich

n/a

Sigma-Aldrich

Sodium

carboxymethyl

cellulose

(MW=90000)

Sulphuric acid

H2SO4

95-98%

Sigma-Aldrich

Tetraethylene glycol dimethyl ether

CH3O(CH2CH2O)4

99%+

Sigma-Aldrich

3.2 Experimental procedures
The logical framework of the experimental procedures in this doctoral work is
summarized in 错误!未找到引用源。3.1. Materials were synthesized via different
kinds of preparation methods and identified through various detection techniques.
Different types of electrochemical performance were characterized, including the
application of the electrode materials in LIBs, SIBs, and KIBs. In-situ
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characterizations were conducted to investigate the structural and morphology
changes during electrochemical reactions.

Solid state reaction

Bulk
materials

Nano-materials

Materials
Film-like
composites

Characterizations

KIBs

SIBs

LIBs

Cell

Electrochemical
characterization

In situ XRD

SEM

Discussions

Figure 3.1 Outline of the experimental procedures, which include the preparation and
detection of the materials, the fabrication of the cell, the evaluation of the
electrochemical performance, and further discussions.

3.3 Materials preparation
The electrode materials mentioned in this doctoral thesis were synthesized via several
methods. Here, solid state reaction, the hydrothermal method, shear exfoliation
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method, and filtration Method are listed, respectively. The relevant technologies, such
as XRD, SEM, TEM, etc., was used for the physical and morphology characterization
are also introduced. The preparation of the electrode, assembly of coin-cells, and the
electrochemical measurement technologies are also covered in this chapter.

3.3.1 Solid state reaction
Solid state reaction is regarded as one of the most important method to synthesize
many polycrystalline solids. It is based on heating a mixture of the solid raw materials,
which is mainly controlled by solid diffusion under high temperature and obeys Fick’s
law:
(3.1)
Where J is the flux of diffusing species, D is the diffusion coefficient, increasing with
temperature, and dc/dx is the concentration gradient. Because of the low diffusion in
solids, which is controlled by the high temperature and heating time, the raw materials
are usually pressed into pellets and then heated. There are only two steps, but the
simple operations such as grinding, pressing, and sintering, have to be repeated many
times to prepare the pure phase products.
Here, bulk LiMn2O4 has been synthesized via the solid state reaction from a precursor
containing Li2CO3 and Mn(CH3COO)2 4H2O at 750°C in air for 24 h.

3.3.2 Hydrothermal method
The hydrothermal method is also a common strategy. It is a wet-chemical treatment to
produce crystalline substances from low-temperature aqueous solutions at high
vapour pressures. With the help of this technique, excellent crystal growth and
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nanomaterial synthesis could be achieved. Compared with other techniques, the
hydrothermal method has its own advantages, including preparation of novel phases,
stabilization of new complexes, and

the formation of various material morphologies

for many applications. There are also many factors, including the solvent type, the
amount and concentration of precursor solution, the temperature, the pH value, and
the kind of surfactant, that will affect the final composition, morphology, and crystal
structure of the products.

Figure 3.2 Hydrothermal autoclave (Acid Digestion Bombs 4748) from Parr
Instruments (left), with a cross-sectional view (right).
The hydrothermal reaction occurs in an autoclave, and the autoclaves used in this
work were 4748 Acid Digestion Bombs with 125 ml capacity from the Parr
Instrument Company. As shown in Figure 3.2, there are is a polytetrafluoroethylene
(PTFE) vessel on the inside and a stainless steel protector on the outside. The
autoclaves are normally used in an oven with a programmed temperature and duration

49

of time. The precursor volume is usually no more than 66% of the volume of the
PTFE vessel in order to ensure safety. The working temperature is ranges from room
temperature to 250 oC, and the pressure can reach up to 1900 psi. In Chapter 4, the
hydrothermal method was used to synthesize the bulk LiFePO4 and bulk LiCoO2.

3.3.3 Shear exfoliation
Here, we employ a high shear mixer to carry out shear exfoliation. In the case of the
L5M high shear laboratory mixer (Figure 3.3(a)), it is well known that it can provide a
maximum rotor speed of nearly 8000 rpm. The instrument consists of a frame, rotor,
screen, and base plate. As shown in Figure 3(e-f), the high-speed rotation of the rotor
blades within the precision-machined mixing workhead exerts a powerful suction,
drawing liquid and solid materials upwards from the bottom of the vessel and into the
center of the workhead. Centrifugal force then drives materials towards the periphery
of the workhead where they are subjected to a milling action in the
precision-machined clearance between the ends of the rotor blades and the inner wall
of the stator. This is followed by intense hydraulic shear as the materials are forced, at
high velocity, out through the perforations in the stator and circulated into the main
body of the mix. The materials expelled from the head are projected radially at high
speed towards the sides of the mixing vessel. At the same time, fresh material is
continually drawn into the workhead, maintaining the mixing cycle. The effect of the
horizontal (radial) expulsion and suction into the head is to set up a circulation pattern
that minimizes aeration caused by the disturbance of the liquid's surface.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.3 (a) A high shear laboratory mixer and its screen (b). (c-f) The work process
of the shear mixer.
When the mixer is working, The mixing time, mixing speed, mixing volume, rotor
diameter, and concentration of materials all affect the exfoliation efficiency. As
ageneral method, the exfoliation can be modelled, and the minimum shear rate would
follow:
γ=

√

√

(3.2)

where ES and EL are the surface energies of the solid materials and liquid, η is the
liquid viscosity, and L is the sheet length.
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Chapter 4 will introduce the detailed mechanism of the xfoliation from the viewpoint
of the materials, including the structure, surface energy, and so on. Several cathode
material nanosheets used in this work, including LiCoO2, LiMn2O4, and LiFePO4, as
well as some anode materials nanosheets, have been produced via this exfoliation
method.

3.3.4 Chemical solution method
Solution phases, including water, organic solvents, etc., are good media for chemical
reactions, and the solution, with a homogeneous mixture, can hold two or more
chemical substances. The solution consists of the solvent, which is the greater amount
in the solution, and the solute, which is the minor proportion. The solute can be
dispersed as individual molecules, ions, or atoms throughout the solvent. Therefore,
its advantage is that there is full contact among the solutes, which will be of benefit
for forming uniform and stable chemical reactions in an environment with rapid
reaction rates. According to these considerations, the chemical solution method is
regarded as a good method for controlling the particle size, shape, and composition of
the final products.
In Chapter 7, the chemical solution method was used to synthesize the deep-activated
graphite powders. In an aqueous medium, the graphite precursors were coatrf by KOH
on the single graphite particles, and after the following heating, the graphene sheets
on the surfaces of graphite particle were cut into a number of small pieces with many
pores, which will contribute to the improvement of battery performance.
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3.3.5 Filtration method
The filtration method is an excellent method to prepare free-standing films. High
suction from a pump under positive pressure will caused draw the liquid precursor
through a polymer filter paper, and then the thus-formed film will be ready in the
funnel. Since the products are 2D nanosheets, poly(vinylidene fluoride) (PVDF)
membranes with the diameter of 47 mm and pore size of 0.22 μm were employed to
make the composite films. The vacuum filtration part for preparing the composite film
is shown in 错误!未找到引用源。.

Figure 3.4 Vacuum filtration apparatus for synthesizing the composite film.
In Chapter 4, the vacuum filtration process is employed to make the free-standing
GNS/LiFePO4 composite cathodes. The as-prepared GNS/LiFePO4 dispersion was
poured into the funnel with a following filtration by suction from the pump through
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porous polymer membranes to form the free-standing composite film anodes. These
current-collector-free and binder-free anodes can be directly used to fabricate LIBs.

3.3.6 Friction method
After drawing with a pencil, a pencil-trace can be seen clearly, which is one of the
simple film preparation strategies. This process in tribology has been regarded as a
multi-scale process that occurs in the surface layers between the solids and lubricant
under the synergetic effects of deformation and shear. Meanwhile, there are chemical
reactions, as well as structural and phase transformations, that take place during the
friction to form the lubricating layer, surface ﬁlms, and adjacent materials. As shown
in Figure 3.5, the formation of the film is based on two main mechanical concepts:
adhesion, the formation of interface junctions further subjected to shear, the
accumulation of subsurface damage (fatigue), and the separation of failure fragments
formed by cracks. This is a simple, quick, and solvent-free method to develop uniform
films.
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Pressure
Drawing direction

Bulk materials

Substrate

The resultant film
Figure 3.5 Schematic illustration of the formation of a film by friction.
In Chapter 6, a pencil-trace/filter paper composite film was developed via this simple
method and used as a flexible anode for KIBs, which showed an excellent rate
performance and long term cycling properties.

3.4 Physical and structural characterization
3.4.1 X-Ray diffraction
For the research on electrode materials, especially cathode materials, XRD is a
powerful tool to confirm the crystallographic structure, crystallite size, and preferred
orientation of samples. X-ray radiation, as a kind of electromagnetic wave, is
generated when an anode materials such as copper is irradiated by a beam of
high-energy electrons. Its wavelength is in the range of 0.01-10 nm, which is on the
order of the atomic plane d-spacing in crystals, which are regular arrays of atoms.
Therefore, X-rays that can be naturally scattered by each set of lattice planes of the
crystals at a characteristic angle can be employed as a method to confirm the crystal
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structure after analysing the collected scattering patterns of the material. To construct
the relationship between the wavelength and spacing of the crystal, Bragg’s law (Eq.
3.3) is used to describe the diffraction condition from planes with spacing d:

n  2d sin  
Where n is an integer, λ is the wavelength of the incident X-ray beam, d is the lattice
spacing of the crystal, and θ is the angle of incidence.

Figure 3.6 Bragg’s law can be derived from the geometrical relation between the
interplanar spacing d and the diffraction angle θ.[244]
Moreover, the Scherrer formula is another important formula to describe the crystal
size based on the broadening of the peaks in the patterns.
B(2θ) =

(3.4)
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Where B is the full width at half maximum (FWHM) in radians, 2θ is the peak
position, K is the shape factor of the average crystallite (K ≈ 0.9), λ is the X-ray
wavelength, and L is the crystal size (nm).
In this doctoral research, A GBC MMA X-ray generator and diffractometer with Cu
Kα radiation (λ = 1.5406 Å) was used to examine the powdered samples. After the
powdered material is coated uniformly on a disk holder, it is placed on the axis of the
diffractometer at an angle θ. The detector rotates around the diffractometer on an arm
at the corresponding angle 2θ. The working voltage and current were programmed at
40 kV and 25 mA, respectively.
On the other hand, to examine the phase changes in the materials during the
charge/discharge process, synchrotron X-ray diffraction (SXRD) was employed to
collect the diffraction patterns and confirm the crystal structure of the samples.
Because synchrotron X-rays are generated naturally by fast electrons in accelerators,
they show higher strength compared with a laboratory machine; therefore, its high
resolution can make it possible to determine and refine accurate structures of the
complex samples. Meanwhile, in situ SXRD can also collect dynamic information
during the phase transformations aroused by certain factors, such as temperature.
Therefore, a modified coin cell, as shown in Figure 3.7, can be used to determine any
phase change during the electrochemical processed. The SXRD data in this thesis
comes from the Australian Synchrotron Powder Diffraction Beamline.
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Figure 3.7 Stacking components of a CR2032 coin cell for SXRD.[245]

3.4.2 Raman spectroscopy
Raman spectroscopy is regarded as an non-invasive characterization technique to
observe the molecular vibrational, rotational, and other low frequency modes. This
technique uses a monochromatic light source such as laser light to irradiate the
material and then detect the scattered light in the form of frequency or wavelength.
Elastic scattering or Rayleigh scattering is well known. As shown in Figure 3.8, the
Stokes and anti-stokes Raman effects exhibit energy shifts to higher and lower energy,
respectively, which are called Raman effects. Via the Raman spectra, information
including the chemical composition and structure can be determined.
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Figure 3.8 Energy-level diagram showing the states involved in Raman spectra.
In this PhD work, Raman spectroscopy was conducted using a JOBIN YVON HR 800
Horiba Raman spectrometer equipped with a laser at 632.8 nm excitation. A neutral
density filter was employed to adjust the laser intensity in the measurement.

3.4.3 X-Ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS), as a surface-sensitive quantitative
spectroscopic method, is used to study the elemental composition, empirical formula,
chemical state, and electronic states of the elements in a material. While the
measurement is going on, a beam of X-rays is employed to interact with the sample
material, and then the kinetic energy and numbers of electrons that escape from the
top surface of the material (0-10 nm) are simultaneously monitored, resulting in the
XPS spectrum. According to the characteristic binding energies associated with
electrons in their orbitals, the valence states of elements can be detected, and the
ratios of the valence states can also be gained, depending on the spectra. In this
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doctoral work, A VG Scientific ESCALAB 2201XL system was used with Al Kα
X-ray radiation and fixed analyser transmission mode for XPS analysis.

3.4.4 Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a typical analysis technique for detecting the
relationship between the weight change of a material and its temperature change.
Based on the TGA curves, some material characteristics, such as decomposition,
oxidation, or loss of volatiles, and other processes that are reflected by the precise
weight changes with increasing temperature can be studied. In this doctoral research,
a SETARAM Thermogravimetric Analyzer was employed to determine the carbon
content in composite materials by heating them to a high temperature of 800 or 900ºC
with a heating rate of 10 oC/min in air/Ar atmosphere.

3.4.5 Brunauer-Emmett-Teller analysis
Brunauer-Emmett-Teller analysis is an effective tool used for evaluating the specific
surface area and pore size distribution of the sample material, which follows the
theory of physical adsorption of gas molecules on a solid surface. Via the Saito-Foley
(SF) method, the pore size distribution curve of the sample material can also be
determined, depending on the N2 isotherms. In this doctoral research, all the samples
were degassed before initiating analysis in order to remove trace of H2O in the sample
to gain more accurate results.

3.4.6 Scanning electron microscopy
Scanning electron microscopy (SEM) is employed to capture images of electrode
surface morphology or the topography of the powder materials. During SEM
60

observation, the electrons will interact with atoms in the sample materials after the
sample is bombarded by a focused beam of electrons, so that secondary electrons will
be generated, which are captured by the detector to form the image required. SEM can
also provide information on the compositionand other properties of the sample
surface.
In this PhD work, the morphology of materials was observed with a field-emission
scanning electron microscope (FE-SEM, JEOL JSM-7500FA, 15 kV). The samples
for SEM observation were directly glued onto on an aluminium holder using carbon
conductive tape. For less conductive samples, their surfaces have been sputtered by a
highly conductive layer of platinum or gold to avoid the over-charge.

3.4.7 Transmission electron microscopy
As one of the microscopy techniques, transmission electron microscopy (TEM) is
used to observe the morphology, lattice spacing, crystal orientation, and electronic
structure of samples. When taking an observation, the image is formed after the
electrons beam is transmitted through an ultra-thin sample. TEM can take
significantly higher resolution images than light microscopes due to the small de
Broglie wavelength of the beam electrons. Selected area electron diffraction (SAED)
as a crystallographic experimental technique, is usually carried out inside a TEM.
These high-energy electrons behave in a wave-like, rather than a particle-like manner.
During the test, the atoms in the crystalline sample acts like a diffraction grating. It
will block some electrons at particular angles, and other electrons will not be affected.
Therefore, the crystal structure of the material will determine the final diffraction.
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After collecting the scattering signal, a characteristic pattern of diffraction spots can
be formed, with each spot related to a satisfied diffraction condition of the crystal
structure.
In this thesis, the morphology observations and SAED were carried out on a JEOL
2011 TEM (200 keV) and a JEOL ARM-200F TEM (200 keV). The TEM samples
were ultrasonically dispersed in ethanol and loaded onto a holey carbon support film
on a copper grid.

3.4.8 Energy-dispersive X-ray spectroscopy
Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS) is a complementary
technique for determining the elements on the surface of a sample. It can confirm the
presence of different elements due to the fact that different elements have different
atomic structures. Similar to the emission of X-rays from a specimen, a high-energy
beam of electrons, X-rays, or protons is focused onto the sample to stimulate the
emission of X-rays. In this thesis, the EDS results in the SEM observations were
identified on a Bruker X-Flash 4010 SSD energy-dispersive X-ray spectrometer, and
EDX data in the SEM observations were collected on a Centurio SSD
energy-dispersive X-ray spectrometer.

3.5 Electrode preparation and coin-cell assembly
To make the electrode, a mixture containing 70-80 wt. % active materials, 0-10 wt. %
carbon black as conductive carbon, 0-10 wt. % binder, and some water or
N-methyl-2-pyrrolidone (NMP) as the solvent were added into a rotary mixer to
obtain a homogenous slurry. The slurry was spread onto a current collector made of
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copper foil or aluminium foil via a roller coating process, and it then was was moved
into a vacuum oven and kept at 80 or 120 oC for 12 h. After drying, a rolling-press
operation was carried out to press the electrode to enhance the contact between the
film and the current collector, and the electrodes were cut into circular disks with a
diameter of 0.95 cm by a precision punch. After the weighing, the resultant working
electrodes were ready to be assembled into the coin cells in a glove box filled with
argon gas.
The cells were assembled in an argon-filled glove box (Mbraun, Unilab, Germany)
with O2 and H2O levels less than 1 ppm. CR2032 coin type cells were utilized in the
battery. The structure of the cells is shown in Figure 3.9. Here, a porous Celgard
polypropylene membrane is used as separator, Li foil is used as counter electrode, and
1 M LiPF6 in a 50 : 50 (v/v) mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC) is added as the electrolyte.
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Figure 3.9 Stacking components of a CR2032 coin cell[246, 247].

3.6 Electrochemical characterization
3.6.1 Cyclic voltammetry
Cyclic voltammetry (CV) is a general electrochemical testing method to probe the
thermodynamics and kinetics of electron transfer during the reactions in an
electrochemical cell. During the CV measurement, the working electrode potential is
ramped linearly versus time, and the associated current is collected. Thus, the CV
curve is a function of potential versus the current response. When a redox reaction
takes place, an obvious peak can be recorded in the forward or reverse scan due to the
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variations in the current value. The Randles-Sevcik equation describes the
relationship between the peak current (ip) and the scan rate:
ip = (2.69 × 105)n2/3ACD1/2v1/2

(3.5)

Where n is the number of moles of electrons transferred in the electrochemical
reaction, A is the area of the electrode, C is the bulk concentration of the redox species,
D is the diffusion coefficient, and v is the scan rate. In this thesis, CV curves for the
LIBs, SIBs, or KIBs were recorded on a Biologic VMP-3 electrochemical
workstation.

3.6.2 Galvanostatic charge and discharge measurement
The capacity and long term cycling stability of the electrodes for LIBs, SIBs, and
KIBs were studied by galvanostatic charge/discharge tests under constant current
mode. The charge/discharge capacity of the electrode, where the total electron charge
occurs in each process, can be calculated based on the pre-set current and the total
accumulated time that was used to fully charge or discharge the cell. All the
galvanostatic charge/discharge performances of the cells were evaluated on Land
battery testers (made in China) in air atmosphere for LIB, SIB, and KIB
measurements at room temperature. Meanwhile, C-rate measurements of the cells
could also be carried out on Land battery testers by applying different current
densities over a number of cycles.

3.6.3 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is an important strategy to evaluate
the electrochemical processes that take place during the electrochemical reactions,
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electron transfer, mass transport, and chemical reactions. There are two modes,
potentiostatic or galvanostatic, can be applied while detecting the impedance of a
system over a range of frequencies. In potentiostatic mode (PEIS), the impedance
testing of the cell can be performed by applying a sine wave around a potential E. Its
value will be set as a constant value or a value that is associated with the equilibrium
potential of the working electrode in a range of frequencies. Generally, an impedance
spectrum consists of a high frequency semicircle corresponding to the kinetic
processes and a low frequency tail related to the diffusion processes, as shown in 错
误!未找到引用源。, where, Re, Rct, Cdl, and W represent the uncompensated resistance,
the charge transfer resistance, the constant phase angle element, and the Warburg
impedance, respectively.[248, 249] The galvanostatic mode could be very similar to the
PEIS mode, except that current replaces the potential.

Figure 3.10 Typical schematic illustration of EIS spectrum and the equivalent circuit
used to interpret the data for LIBs (inset) [248].
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In this thesis, EIS data were collected in potentiostatic mode on a Biologic VMP-3
electrochemical workstation with the Power Suite software package. The amplitude of
the sine wave in the test was 10 mV, and the frequency range was from 100.00 kHz0.01 Hz.
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CHAPTER 4 THE PREPARATION OF THE NANOSHEETS AND
THEIR APPLICATIONS IN ENERGY STORAGE
4.1 Preface
Following

the

successful

development

of

two-dimensional

(2D)

nanosheetstechnology, several routes have emerged as methods to synthesize different
kinds of 2D nanosheets for the applications by exfoliation of layered materials,
including graphite, transition metal oxides, hydroxides, chalcogenides, etc.[250-253]
Meanwhile, two-dimensional (2D) nanosheet technology are also considered to be
important for many applications in areas from semiconductors to electrodes for
electrochemical devices. Compared with ayered materials with ordinary compositions,
growing 2D nanosheets of the more sophisticated compositions, such as lamellar
cathode materials for batteries, still remains a great challenge.[254]
Layered lithium transition metal oxides arguably represent the most successful
category of positive electrode, comprising compounds with the formula LiMO2 (M:
Mn, Co, and Ni) that crystallize in a layered structure. Lithium cobalt oxide
compound is commonly used as an energy storage material in today’s portable
devices. With advances in research, several innovative cathode materials have already
been further proposed. The spinel cathode material LiMn2O4, as an appealing
candidate with the more chemically stable Mn3+/4+, provides excellent safety and high
power capability. Polyanions of the form (XO4)y- (X = S, P, Si, As, Mo, W, Y=1-3)
are being explored as innovative compounds to replace lithium transition metal oxides.
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In the case of lithium iron phosphate (LiFePO4, LFP), it is the stable and safe olivine
structure that makes LFP favourable in lithium batteries. In cathode materials,
transition metals would undergo oxidation to higher valences when lithium or other
cations are removed. Following the oxidation of the transition metal, large
compositional changes often result in phase changes. Therefore, the stable crystal
structure has to be maintained over ranges of composition, which is also a particular
challenge for cathode materials in the charging condition. With discharging, lithium
ions return to the cathode, and electrons from the anode reduce the transition metal
ions to lower valence. This means that the rates of two processes control the
maximum discharge current, which also represents access of the lithium ions in the
electrolyte via the electrode surface to the electrode inside. So, the morphology or
microstructure of the cathode material limits the performance of the electrode. Like
other nanostructured materials, the performance of nanosheet materials can be
improved due to their high interface area between the electrode and electrolyte. Their
nanoscale size (nanoparticles, nanowires, etc.) will also give the electrode ultrafast
lithium ion transport.
2D nanosheets, which possess thicknesses in nanometers and lateral dimensions of
submicron to micrometer scale, are regarded as a new strategy to improve the
performance of electrodes due to their high specific surface areas and ultra-short
lithium ion transport distances compared with the corresponding bulk materials.
Among the anode electrode materials, several types have been investigated. These
include: (i) Mono-element nanosheets, including graphene; (ii) Bi-element
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compounds, such as V2O5, TiO2, MnO2, Mn2O3, Fe2O3, Co3O4, ZnO, SnO2, NiO,
MoS2, WS2, SnS2, CoS2, CuS, and Ni3S2; and (iii) Multi-element compounds, such as
CoNi2S4, NiCo2S4, NiCo2O4, ZnCo2O4, MnFe2O4, and MnCo2O4. Compared with
anode electrode materials, “polyanion” compound nanosheets have been more
attractiveto researchers as cathode materials, such as olivine-type LiMPO4 and
Li2MSiO4 nanosheets, which shows improved diffusion time and good cycling
stability.[255] Meanwhile, highly oriented LiFePO4 nanosheets have also exhibited a
high specific capacity at low charge/discharge rates and retain significant capacities at
high C-rates. Compared with the current methods to synthesize cathode nanosheets,
one of the challenges is still to find a simple, scalable, high efficiency process to
synthesize 2D cathode nanosheets while maintaining the stable crystal structure and
uniform microstructure. Exfoliation of layered materials, including graphite and
transition metal dichalcogenides, into mono- or few-layers is of significant interest for
both fundamental studies and potential applications.[250, 251] Since high orientation is
available, their morphology will be single phase and simple when the layered
materials are exfoliated into few-layered nanosheets. Therefore, more attention should
be paid to research details that are often overlooked.
Compared with the corresponding bulk material particles, two-dimensional (2D)
materials, including metals, oxides, hydroxides, and chalcogenides, have become the
important candidates because of their ultrathin nature and unprecedented properties in
areas ranging from photocatalysis to electrodes for electrochemical devices.[256]
Although much work, including the top-down method of delamination of layered
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materials and the bottom up method of controlled nucleation, has focused on the
synthesis of the 2D nanosheets, production rates still need to be increased, the degree
of crystallinity should be kept, and the control of the crystal orientation has to be
improved. Therefore, more attention should be focused on development of the
synthesis of 2D nanosheets.
The exfoliation of layered compounds is an area of research that dates back several
centuries. Bottom-up growth methods such as the hydrothermal method can provide a
generalized synthesis strategy for various ultrathin 2D nanostructures from molecular
precursors. This strategy also limits their degree of crystallinity and crystal orientation,
however, because of their reckless pursuit of “sheet”, which will sacrifice some or all
of their crystalized nature, especially in the case of the complex oxides, such as the
lithium/sodium transition metal oxides. Although heat-treatment would improve their
crystallinity, their structural defects still remain, and they are different from pristine
sheets. Fortunately, the exfoliation of layered compounds in liquids as a top down
method is opens the door to synthesizing high quality nanosheets. Layered materials
can also strongly adsorb guest molecules or ions into the spacing between layers,
creating what are called inclusion complexes.[257] Intercalates are a special type of
inclusion compound formed in vacancies between the layers of a layered materials by
the insertion of molecules or ions, such as water,[258] ethanol,[259] and alkali metal
cations,[260] which could increase the layer spacing, weaken the interlayer adhesion,
and reduce the energy barrier to exfoliation.[261] Subsequent ultrasonication will
further enlarge the spacing between layers and produce fewer or single layered sheets.
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Ethanol has also been found to be an effective exfoliating agent to make graphite
nanoplatelets and graphene fluoride.[262, 263] Meanwhile, ethanol is used as a useful
dispersant to produce dispersions of nanosheets.[264] Following further research on 2D
materials, many traditional layered materials are meeting a new challenge in their
development.
In this chapter, we used an effective, easily scaled-up and general synthetic process
for the preparation of few-layered cathode material nanosheets, including layered
LiCoO2, olivine-type LiFePO4, and spinel-type LiMn2O4. The prepared nanosheets
show highly oriented facets, which will have benefits for the removal/insertion of
lithium ions during the charge/discharge process.

4.2 Experimental procedures
All employed chemicals were of analytical grade, purchased from Sigma Aldrich, and
used without any further purification.

4.2.1 Synthesis of bulk LiCoO2 particles
In a typical synthesis process, LiCoO2 particles were obtained via the solvothermal
method: Co(CH3COO)2·4H2O (0.005 mol) and NH4HCO3 (0.005 mol) were dissolved
in 24 mL of an H2O/ethanol (1:1, v/v) mixture under constant stirring and decanted
into a 100 mL Teflon pot, which was then sealed in a stainless steel autoclave and
heated at 160oC for 24 h. After cooling down, the precipitates in the autoclave were
collected and washed several times with distilled water and absolute ethanol. The
as-prepared CoCO3 was dried overnight in a vacuum oven at 60oC. Then, the
as-prepared CoCO3 (0.002 mol) and LiOH∙H2O (0.003 mol) were added into a Teflon
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pot containing 9 ml of 12 M KOH solution. The pot was then sealed in an autoclave
and heated at 180oC for 24 h. After washing and overnight drying, the as-obtained
sample was annealed at 800oC for 4 h in open air, thereby yielding LiCoO2 particles.

4.2.2 Synthesis of bulk LiFePO4
Appropriate stoichiometric quantities of FeCl2 and Li3PO4 with an Li:Fe:P molar ratio
of 3:1:1, respectively, along with ascorbic acid and 20 wt.% glucose were vigorously
stirred for 20 min, and the resultant solution was transferred into a 50 ml Teflon
autoclave. Then, the Teflon autoclave was transferred into an oven with a program
controlled temperature, and the sample temperature was ramped up to 200oC and
maintained at that temperature for 24 hours. After the system cooled to room
temperature, the precipitate was filtrated and washed several times with deionized
water and acetone. Then, the obtained powder was vacuum dried at 80 oC for 4 h,
followed by sintering at 600oC for 2 h in H2/Ar (5:95, v/v) atmosphere to yield the
LiFePO4.

4.2.3 Synthesis of bulk LiMn2O4
LiMn2O4 was synthesized by solid-state reaction: Li2CO3 and Mn(CH3COO)2 4H2O
were ground in an agate mortar with a pestle in the predetermined 1.15:2 ratio of
Li:Mn, respectively, until the mixture became homogeneous. After that, the mixture
was pressed into pellets and preheated at 650°C in air for 5 h in a tubular furnace.
Then, the mixture was again ground, pressed into pellets, and heated at 750°C in air
for 24 h. All the samples were cooled to room temperature at the cooling rate of
1°C/min after the second heat-treatment.
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4.2.4 Synthesis of the Nanosheets
Cathode material nanosheets were synthesized from the corresponding bulk materials
by a modified shear exfoliation method.[29] The used mixer was an L5M high shear
laboratory mixer, made by Silverson Machines Ltd., UK. Here, the interchangeable,
screw-on slotted disintegrating head has a rotor 30 mm in diameter, and the gap
between its rotor and the screen is approximately 0.05 mm.
In a typical synthesis, the cathode material (1 g) was put into a vessel containing
ethanol (100 g). The mixture was kept at a temperature less than 20oC. Then, the
slotted disintegrating head was lowered into the solution and rotated at 5000-7000
rpm speed for a predetermined time (30-60 min). During the mixing, the temperature
of the dispersion was kept below 35oC. After mixing, the resultant dispersion was
centrifuged (at 1500 rpm, 30 min) to make it possible to remove and return any
un-exfoliated bulk materials to the vessel for the next mixing while collecting the
resultant supernatant.

4.2.5 Characterization
The morphology/microstructure and particle distribution of the as-prepared LiCoO2,
LiFePO4, and LiMn2O4 bulks and nanosheets were investigated by field emission
scanning electron microscopy (FESEM, JOEL JSM-7500) and transmission electron
microscopy (TEM, JOEL JEM-2010). X-ray diffraction (XRD) patterns were
collected using a GBC MMA generator and diffractometer with Cu Kα irradiation to
investigate the phase purity and crystal structure of these cathode materials.
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4.3 Results and discussion
4.3.1 The basic concept of the exfoliation
4.3.1.1 The structure of the bulk materials

Figure 4.1. Illustration of the crystal structures of the best performing positive
electrode materials: (a) LiCoO2, (b) LiFePO4, and (c) LiMn2O4. The common feature
among the three is their layered or approximately layered structure with an open
frame structure. Li atoms are shown in green, while the transition metals are
polyhedrally coordinated by oxygen atoms in red. The Co, Fe, and Mn are blue,
purple, and pink, respectively.
As shown in Figure 4.1, LiCoO2 is isostructural with the rhombohedral R3m
α-NaFeO2 layered structure. The structure is an ordered rock-salt structure with
edge-sharing CoO6 octahedra linked to form CoO2 sheets. The layered structure
provides two dimensional paths, allowing for lithium ion extraction and insertion.[265]
Figure 4.1(b) shows thea general view of the LiFePO4 structure along the [010]
direction. LiFePO4 featues an ordered olivine structure with orthorhombic space
group Pnma. Most of the atoms are distributed in the special position 4c; the
exceptions are Li in the 4a position (on the inversion centre) and O3, which lies in the
general position 8d. There is only a single crystallographic site for Fe atoms (4c, on a
mirror plane), located at the middle of a slightly distorted FeO6 octahedron.[266, 267]
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LiMn2O4 adopts the spinel structure with space group FD3m, in which the Li and
Mn occupy the 8a tetrahedral and 16d octahedral sites of the cubic close-packed
oxygen ions, respectively. The edge-sharing octahedral Mn2O4 host structure is highly
stable and possesses a series of intersecting tunnels formed by the face-sharing of
tetrahedral lithium (8a) sites and empty octahedral (16c) sites. Such tunnels allow the
three-dimensional diffusion of lithium.[268]

4.3.1.2 The distribution of surface energy
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Figure 4.2 Data collected to represent the distribution of surface energy by the broken
bond model: (a) LiCoO2,[265] (b) LiFePO4,[269] and (c) LiMn2O4.[270]
It is well known that the surface energy (γ) of crystal surfaces, which quantifies the
disruption of intermolecular bonds that occur when a surface is created, originates
from a cleaving process and thus from breaking bonds. The surface energy of
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LiMn2O4, LiFePO4, and LiCoO2 has been estimated by means of density functional
theory (DFT) calculations, depending on the total energy of the bonds that are broken,
as shown in Figure 4.2.
The surface energy (γ) quantifies the disruption of intermolecular bonds that occurs
when a surface is created, which originates from a cleaving process and thus from
breaking bonds. The system tends to reduce its free energy as it reaches the
equilibrium state. In some cases, this stability can be achieved by reduction of the
surface energy of the system, for example, smaller drops aggregate into larger ones.
Generally, the surface energy can be classified into two categories: one is the surface
for liquids, which is also known as surface tension; the other is for solids. When we
evaluate the surface energy of a solid, the sublimation energy is defined as the energy
of one bond for atoms in a crystal. For a one-mole crystal, there are Avogadro’s
number (NA) atoms and at least 0.5 NA bonds will form among them. Taking the
coordination number Z into account, there will be (0.5 NA*Z) bonds in a one-mole
crystal. Its surface energy can be written as:
(4.1)
Where

is the molar enthalpy of sublimation.

In the case of a face-centred cubic (FCC) crystal, an atom at the surface possess a
coordination number (CN) of 9, which means that 3 bonds per atoms are broken at the
(111) surface.
Therefore, the energy required to form one (111) surface in FCC can be given as:
E(111) = (energy of one bond)*(number of bonds broken/atom)
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=

(Z = 12 for FCC) =

The surface energy γ is then defined as follows:
γ = (Energy required per surface atom)*(number of surface atoms/surface area)
=
For the (111) plane in an FCC crystal with lattice parameter a0:
√

=√

√

√

=

√

√

√

4.3.1.3 Turbulent breakage
Particle breakage under high shear is well known. In particular, particle breakage in
turbulent flow has been well studied. Usually, the final particle size is interpreted in
relation to the Kolmogorov length scale, α. This is approximately the size of the
smallest eddies in a turbulent system and is given by

α= lRe-3/4

(4.2)

where l is the length scale of the largest eddies (usually taken to be the size of the
system) and Re is the Reynolds number associated with the system. For laminar
systems, this is usually taken as
ReMixed=ρND2/η

(4.3)

where η and ρ are the liquid viscosity and density. We can approximate l = V1/3,
leading to

α=(ρ/η)-3/4V1/3D-3/2

(4.4)

In turbulent mixing, the particles usually interact strongly with eddies roughly their
own size. This interaction can result in breakage. The fragments then interact with
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smaller eddies resulting in breakage. This process continues until the particles are
roughly the size of the smallest eddies (i.e. α). By this stage, there are no smaller
eddies, and breakage stops. Thus, αroughly represents the terminal particle size in
this model.

4.3.2 The choice of solvents for the exfoliation
Table 4.1 Surface tension values of test liquids for dispersion.
Number

Name

Surface tension (dyn/cm)

CAS-Ref.-NO.

(1)

N-methyl-2-pyrrolidinone

40.79

872-50-1

(2)

Isopropanol

23

67-63-0

(3)

N,N-dimethyl acetamide

36.7

127-19-5

(4)

H2O

72.8

7732-18-5

(5)

Dimethyl formamide

37.1

68-12-2

(6)

Ethanol

24.05

64-17-5

(7)

1,2-propanediol

47.43

0.0903

(8)

Toluene

28.4

108-88-3

47.7

107-21-1

Ethylene glycol
(9)
anhydrous

Figure 4.3 Photograph of LiCoO2 dispersions (right in each pair, 2mg/ml) in different
solvents after one month compared with pure solvent (left in each pair): (1)
N-methyl-2-pyrrolidinone, (2) Isopropanol, (3) N,N-dimethyl acetamide, (4) H2O, (5)
Dimethyl formamide, (6) Ethanol (7) 1,2-propanediol, (8) Toluene, (9) Ethylene
glycol anhydrous.
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Recent studies have shown that nanosheets can be directly exfoliated by sonication in
a properly selected solvent.[271] There is no good method, however, to evaluate the
suitability of a solvent for effective exfoliation.[257] Here, we initially sonicated (250
W, 30 min) LiCoO2 particles in a number of solvents with varying surface tensions
from N-methyl-2-pyrrolidinone to ethylene glycol anhydrous, as shown in Table 4.1.
The resultant dispersions were centrifuged, and the supernatant was decanted. After 1
month’s aging, the dispersions were compared and selected depending on their
stability (Figure 4.3). Here, we find that LiCoO2 particles can form stable dispersions
in

N-methyl-2-pyrrolidinone,

1-methyl-2-pyrrolidinone,

H2O,

and

ethanol.

Considering the toxicity and high boiling point, pyrrolidone-based solvents were
abandoned first. In addition, LiCoO2, when used as a cathode material, is generally
kept from contact with H2O because of the easy loss of lithium. Finally, the ethanol
was the highest priority.

80

(a)

(b)

10000

10000

5000

5000

72h

72h

10000

10000

Intensity/a.u.

0

Intensity/a.u.

0

5000

48 h
0

10000

5000

48 h
0

10000

5000

5000

1h

1h

0

0
20

30

40

50

60

70

80

90

20

2Theta/ degree

2Theta/ degree

Figure 4.4 (a) XRD patterns of LiCoO2 particles in ethanol after different times. (b)
Magnification of segment of the XRD spectra of LiCoO2 particles.

Table 4.2 Rietveld refinement results for LiCoO2 particles obtained at various
temperatures.
Time

d (Å)

d (Å)

(h)

(003)

(003)

1

4.682

24
72

a (Å)

c (Å)

c/a

2.003

2.814

14.047

4.992

4.684

2.003

2.815

14.052

4.992

4.685

2.003

2.815

14.055

4.993

To evauate the role of ethanol and carry out further research, the LiCoO2 particles
were directly soaked in ethanol for different time (1 h, 48 h, and 72 h). Then, XRD
was used to detect the variation in the LiCoO2 particles. Figure 4.4 shows the XRD
patterns of the resultant LiCoO2 particles formed in ethanol. As can be seen, all of the
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patterns can be indexed as layered LiCoO2. The lattice parameters of the synthesized
powders are calculated for the (003) planes using the formula given by
( )*

++( )

(4.5)

where (h k l) are the Miller indices of the plane concerned, d is the interplanar
distance, and a and c are the lattice constants (Table 4.2). The a and c values were
obtained by substituting in the d value obtained from experiment for the (003) planes.
We find that the lattice constants increase as the soaking time increases. More
important, a blue shift of the diffraction peak can be observed as the soaking time
increases. This shows that ethanol can be intercalated into the layers of LiCoO2, and a
superstructure is generated in the LiCoO2 crystal due to intercalation across the
layers.[261] This will result in significantly weakened interlayer attraction.
Subsequently, mechanical shock was introduced to impose an impact force on the
swollen phase, leading to the exfoliation of the LiCoO2 layers. Therefore, this will
provide the basic possibility that exfoliation can be carried out.
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4.3.3 The evolution of LiCoO2 from particles to nanosheets under
exfoliation

(a)

(b)

(c)

(d)

Figure 4.5 The evolution of LiCoO2 from particles to nanosheets under exfoliation for
different times: (a) 0 min, scale bar: 1 μm, (b) 200 min, scale bar: 100 nm, and (c) 400
min, scale bar: 1 μm; (d) The proposed mechanism of the evolution from particles to
nanosheets under exfoliation. Here, the red balls represents the bubbles generated
during the exfoliation because of cavitation.
The evolution of LiCoO2 from bulk to nanosheets as the exfoliation time increases is
shown in Figure 4.5(a-c). In the whole exfoliation process, both the mechanical
shearing and the cavitation have resulted in the evolution of during which the particles.
We can infer that the process by which the size of the LiCoO2 particles decreases
from several micrometers to several nanometers can be divided into two stages.
From several micrometers to sub-micron: In this stage, the combined action of
mechanical shearing and the direct particle-shock wave interaction are regarded as the
primary mechanisms for the generation of micrometer-sized particles.[272] By 200 min,
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micrometer-sized particles were fully broken into pieces, and their sizes decreased to
the submicron scale.
From submicron to nanometers: According to the predictions of fracture energy
theory, the nanosized particles have significantly bigger fracture energy the
micrometer-sized particles.[273] Therefore, we speculate that this can be attributed to
many reasons. Firstly, after the first stage of sonication treatment, the surfaces of
sub-micrometer-sized particles have become rough and formed many pores, which
will decrease the nucleation energy. Hence, these pores can entrap gas and initiate the
following growth of new cavitation bubbles. Secondly, as proved previously, ethanol
can be intercalated into the layers of LiCoO2 and increase its lattice parameters. This
means that the intercalation of ethanol will lead to some defects and result in stress
concentration. Adding the action of the shock wave from the bubble collapse, a crack
is produced, and the fracture is easy to initiate. After that, the next cycle starts and
more nanosized sheets are finally obtained from the sub-micrometer sized particles.
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4.3.4 Characteristics of the synthetic nanosheets

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.6 SEM images of theas- prepared bulk materials: (a) LiCoO2, scale bar: 10μ
m, (b) LiFePO4, scale bar: 10μm, (c) LiMn2O4, scale bar:100 nm; and nanosheets: (d)
LiCoO2, scale bar:100 nm, (e) LiFePO4, scale bar:100nm, (f) LiMn2O4, scale bar:100
nm.
Following the successful exfoliation of LiCoO2 particles, high-shear mixing
exfoliation, as a scalable technology for exfoliation, was further employed to produce
2D nanosheets of other cathode materials, l such as LiFePO4 and LiMn2O4, as shown
in the Figure 4.6 and of different anode materials including TiS2 (Figure 4.9) and
MnO2 (Figure 4.10).
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Figure 4.7 Raman spectra of the bulks and the corresponding nanosheets: (a) LiCoO2,
(b) LiFePO4, and (c) LiMn2O4.
As shown in Figure 4.7a, the Raman peaks observed at around 495 and 601 cm-1 in
the powder are attributed to the Raman active modes Eg and A1g, due to the space
group R3m, which demonstrates that the powders have a layered hexagonal structure.
After exfoliation, the LiCoO2 nanosheets display a slight blue-shift compared with the
bulk LiCoO2. This may be attributed to the changing stress in the LiCoO2 after
exfoliation.[274] The LiFePO4 and LiMn2O4 nanosheets are analogous, and they all
display a similar trend according to the changes in the local stress.
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Figure 4.8 AFM topographical images and height profiles of the prepared nanosheets:
(a) LiCoO2, (b) LiFePO4, and (c) LiMn2O4; and (d) their thickness distributions.
Atomic force microscopy (AFM) images of the prepared nanosheets were obtained
using tapping mode. As AFM is currently the foremost method allowing deﬁnitive
identiﬁcation of single-layer crystals, the thickness of the each kind of nanosheet was
evaluated, respectively. In Figure 4.8, atomic force microscopy analysis demonstrates
that the thickness of the LiMn2O4, LiFePO4, and LiCoO2 nanosheets is ~6.1, ~9.8, and
~1.7 nm, respectively, which indicates that the nanosheets have a thickness of 9-10,
15-17, and 2-3 layers, respectively.
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Figure 4.9 TEM images of the as-prepared TiS2 nanosheets (a-c) and (d) XRD spectra
of nanosheets (d) and corresponding bulk (e) TiS2.
Detailed characterization of the as-prepared TiS2 nanosheets and the XRD spectra of
the TiS2 nanosheets and corresponding bulk are shown in Figure 4.9. The typical
transmission electron microscopy (TEM) image presented in Figure 4.9 a gives us a
full view of groups of ultrathin TiS2 nanosheets, which are expected to be able to
alleviate the strain associated with repeated lithiation/delithiation. The high-resolution
TEM (HRTEM) images shown in Figure 4.9b and c unambiguously reveal few-layer
nanosheets and their excellent crystal spacing. Figure 4.9d and e further shows their
X-ray diffraction patterns, indicating that they have the hexagonal structure matching

88

JCPDS No.88-1967 and show only the TiS2 phase without any impurities. Comparing
the bulk and nanosheets, the peaks of the TiS2 nanosheets show the weak intensity,
which can be attributed to the destruction due to the exfoliation.
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Figure 4.10 TEM images of the prepared MnO2 nanosheets (a-b) and XRD spectra of
the nanosheets (c) and the corresponding bulk (d) MnO2.
High-magniﬁcation TEM images are shown in Figure 4.10a and b for a few-layered
nanosheet. The images demonstrate that the sheets are generally ﬂat, with some
scrolling at the edges, as has been noted in other nanosheet studies. Similar to the TiS2
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nanosheets, their crystal spacing can also be observed, which demonstrated that the
good crystal structure had been preserved. The X-ray diffraction patterns (Figure
4.10c and d) for MnO2 bulk and nanosheets further demonstrate that phase purity was
achieved during exfoliation.

4.3.5 The applications of the synthetic nanosheets
4.3.5.1 The study of the magnetic performance of LiCoO2 nanosheets
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Figure 4.11 Hysteresis loops of (a) LiCoO2 nanosheets and (b) LiCoO2 particles at 10
K, 150 K, and 300 K. (c) Magnetization versus temperature measured on LiCoO2
particles and nanosheets.
Figure 4.11 shows the susceptibility and inverse susceptibility χ-1 of the present
LixCoO2 powders as a function of temperature, measured in field-cooling mode with
H = 10 kOe. The χ(T) curve in LiCoO2 indicates paramagnetic behaviour down to 5 K.
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For LiCoO2 nanosheets, as T decreases from 300 K, χ increases monotonically down
to ~50 K and then increases rapidly with further decreasing T. Compared with the
LiCoO2 nanosheets, the LiCoO2 particles shows the weak susceptibility. This
indicates that the susceptibility of LiCoO2 nanosheets is stronger than that of LiCoO2
particles. This is in good agreement with the XPS results, that is, Co3+ ions in LiCoO2
nanosheets are in a low spin state (t62g, S=0) and Co4+ ions in a high spin state t2g3eg2,
S=5/2). For LiCoO2 particles, since its only surface layer would be magnetic, while
the rest (inside) is nonmagnetic, its susceptibility is weaker that of the nanosheets.[275]
Therefore, the nanosheets of LiCoO2 show stronger susceptibility thanthe LiCoO2
particles.

4.3.5.2 Free-standing and flexible LiFePO4 nanosheets/graphene
composite film for Li+ battery
The olivine orthophosphate lithium iron (II) phosphate (LiFePO4) is a promising
cathode material for use in the lithium-ion battery owing to its high operating voltage
(3.4 V vs. Li/Li+), large theoretical capacity (∼170 mA/h g), and high thermal
stability, as well as being inexpensive, nontoxic, and environmentally benign. The
low electronic conductivity and one-dimensional (1D) diffusion channels for lithium
ions are two major obstacles to achieving high gravimetric/volumetric power density
in this material.
The former obstacle has been extensively studied with success by modification of the
interface of LiFePO4 particles with electrolyte through coating/doping to lower the
charge transfer resistance. For the latter obstacle, both size control and orientation
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control of LiFePO4 are necessary because lithium-ion diffusion in LiFePO4 can only
occur along the [010], direction unlike layered or spinel cathode materials, which
possess multiple diffusion directions for lithium ions.
Here, graphene, as a conductive agent, has been added into the LiFePO4 nanosheet
dispersion, and free-standing and flexible LiFePO4 nanosheets/graphene composite
films have also been synthesized. Meanwhile, its electrical performance as cathode
material in the lithium battery has been identified.
(a)

(b)

(c)

Figure 4.12 The as-prepared LiFePO4 nanosheets/graphene composite film
Figure 4.12 shows the LiFePO4 nanosheets dispersed in ethanol followinged the
exfoliation of bulk LiFePO4. The synthesized dispersion was added into the dispersion
of LiFePO4 nanosheets, and via sonification, a LiFePO4 nanosheets/graphene
dispersion was prepared (as shown in Figure 4.12a). After vacuum filtration, the
LiFePO4 nanosheets/graphene composite film was obtained and is shown in Figure
4.12b, which shows it looks black. Like graphene paper, the prepared LiFePO4
nanosheets/graphene composite film can be bent easily, suggesting good flexibility.
The results show that it has a potential application as flexible cathode electrode in the
lithium ion battery.
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Figure 4.13 XRD pattern of the LiFePO4/graphene composite film.
Figure 4.13 shows the X-ray diffraction (XRD) pattern of the LiFePO4/graphene
composite film. In the XRD pattern, it is well known that the typical peaks of
graphene should be around 26°. Because of the strong intensity of the peaks from
LiFePO4, the typical peaks of graphene show weakened intensity compared to
LiFePO4. Therefore, the graphene peak in the composite is hard to observe. Moreover,
some peaks of LiFePO4 have disappeared compared with the bulk LiFePO4, which
can be attributed to the high orientation of the prepared nanosheets.
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Figure 4.14 Electrochemical characterization of LiFePO4/graphene composite film: (a)
C-rate and (b) long term cycling performance.
The results in Figure 4.14 were obtained when testing the LiFePO4/graphene
composite film as a current-collector-free cathode. In Figure 4.14a, the composite film
shows high capacity from 1 C to 50 C. As a free-standing electrode, the composite
film presents a high discharge capacity of ~80 mAh/g at 50 C. For the specific
capacity retention test, there is no obvious decrease from 1 to 300 cycles. Therefore, it
is can be concluded that the LiFePO4/graphene composite film shows good
electrochemical performance as a free-standing electrode.
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4.3.5.3 The transformation of LiMn2O4 nanosheets from lithium ion
battery to sodium ion battery

Figure

4.15

Electrochemical

characterization

of

LiMn2O4

powders:

the

charge-discharge curves of (a) a lithium ion battery and (b) a sodium ion battery.
To identify the electrochemical properties of the LiMn2O4 electrodes for lithium and
sodium ions, charge-discharge curves were obtained at current density of 1 C between
2 and 4.3 V. For the discharge curve of the lithium ion battery, there are three plateaus
at ~4.1 V, 4.0 V, and 3 V vs. Li/Li+, representing a three-step process:
1/2Li+ + 1/2e- + 2MnO2---Li0.5MnO4
1/2Li+ + 1/2e- + Li0.5MnO4---LiMn2O4
Li+ + e- + Li0.5MnO4---Li2Mn2O4
Compared with that of lithium ion battery, the sodium ion battery shows a different
third plateau, which appears weak. Meanwhile, it shows a different mechanism
compared with that of lithium ion battery. Therefore, we are planning to use
synchrotron radiation to detect its transformation in detail.
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Figure 4.16 Electrochemical characterization of LiMn2O4 powders: the cycling
performance of (a) lithium ion battery and (b) sodium ion battery.
Figure 4.16 shows the long-term cycling performance of LiMn2O4 powders. For the
lithium ion battery, it is easy to explain the reason of the decay of the curve due to the
irreversible structure of Li2Mn2O4, although long-term cycling performance of sodium
ion battery shows a stable cycle life. Here, we can infer that NaxMn2O4 shows
reversible behaviour at ~3 V. The deeper mechanism needs to be further investigated.

4.4 Conclusion
In this chapter, we introduce the key factors for mechanical exfoliation, such as the
structure of the materials, distribution of surface energy, identifying a suitable solvent,
and the processing parameters, including the exfoliation time, mixing speed, and so
on. Several kinds of nanosheets, including LiCoO2, LiFePO4, LiMn2O4, MnO2 and
TiS2, were synthesized. Then, the exfoliated nanosheets exhibited different kinds of
interesting performance and applications. The cathode material nanosheets have not
yet been studied fori application in lithium ion batteries, however. In the next chapter,
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the detailes of lithium ioninsertion/de-insertion during the charging/discharging
process will be further discussed.
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CHAPTER 5 FEW ATOMIC LAYERED LITHIUM CATHODE
MATERIALS TO ACHIEVE ULTRA-HIGH RATE
CAPABILITY IN LITHIUM ION BATTERIES
5.1 Preface
Two-dimensional (2D) materials are two-dimensional atomic sheets, which have a
rich variety of physical properties that enable a large range of applications in the
fields of nano-electronics, catalysis, gas separation, energy storage and conversion,
etc.[276-282] Particularly in the case of Li-ion batteries, high rate capability is desired
for applications in electric vehicles/hybrid electric vehicles to shorten the annoyingly
long charging time and provide high power capability. 2D materials are regarded as a
new strategy to improve the rate capability of electrode materials due to their high
specific surface areas, which facilitate ultra-short lithium ion transport pathways
compared to their corresponding bulk materials.[283, 284] So far, much research has
been focused on using 2D materials as anode materials in Li-ion batteries, including
graphene,[285] TiS2,[286] Co3O4,[287] SnO2,[285]etc., while, for cathode materials, there are
only a few reports on 2D LiFePO4 materials with outstanding high-rate performance
and hybrid battery and supercapacitor behaviour.[284, 288-290] This is due to the fact that
transition metals in cathode materials would undergo oxidation to higher valence
states on the removal of lithium or other cations,[291] leading to large compositional
changes and the consequent phase changes. Therefore, cathode materials require high
structural stability to provide a high specific capacity at high charge and discharge
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rates, as well as suitable morphology and particle size. Nowadays, the challenge is to
develop a versatile, scalable, highly efficient process to synthesize 2D cathode
nanosheets, which could maintain their stable crystal structure and uniform
microstructure over the long run.
The current state-of-the-art cathode materials for Li-ion batteries mainly have three
different type of structures, including layered (LiCoO2, LiNi1/3Mn1/3Co1/3O2,
LiNiCoAlO2), spinel (LiMn2O4), and olivine type (LiFePO4) structures. Moreover, the
diffusion direction of lithium in LiCoO2 is octahedral site-tetrahedral site-octahedral
site in layers, while that in LiMn2O4 is tetrahedral site-octahedral site-tetrahedral site
with three-dimensional channel and the motion of lithium ions in the LiFePO4 occurs
along the one-dimensional channel via a nonlinear in the olivine crystal structure.[292]
These different structures certainly will increase the synthesis difficulty of 2D cathode
nanosheets. Thus, it is a challenge to adopt a general process to synthesize their 2D
nanosheets from corresponding particle with different crystal structures. In addition,
the storage mechanisms of 2D layered lithium transition metal oxides or spinel
LiMn2O4 nanosheets still need investigation.
Herein, we used an effective, easily scaled-up, and general synthetic process for the
preparation of few-layered positive electrode nanosheets, which include layered
LiCoO2, olivine-type LiFePO4, and spinel-type LiMn2O4. These prepared nanosheets
showed highly oriented facets, which will have benefits for the lithium ion
de-insertion/insertion during the charging/discharging process, respectively, thereby
delivering high energy densities and excellent rate capabilities. Also, the structural
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evolution of 2D cathode materials during galvanostatic charge-discharge was captured
using time-resolved in-situ synchrotron X-ray powder diffraction. The transport
channels of 2D cathode materials would be opened up to different degrees after the
exfoliation, and the opened Li+ transport channels could also favour high-rate capacity
of the electrode.

5.2 Experimental procedures
5.2.1 The synthesis of the materials
Please see Chapter 4.2.

5.2.2 Characterizations
The morphology/microstructure and particle distribution of the as-prepared LiCoO2,
LiFePO4 and LiMn2O4 bulks and nanosheets were investigated by field emission
scanning electron microscopy (FESEM, JOEL JSM-7500) and transmission electron
microscopy (TEM, JOEL JEM-2010). X-ray diffraction (XRD) patterns were
collected using a GBC MMA generator and diffractometer with Cu Kα irradiation to
investigate the phase purity and crystal structure of these cathode materials.

5.2.3 Electrode preparation and electrochemical measurements
The working positive electrodes were fabricated by mixing the active material,
acetylene black, and polyvinylidene fluoride (PVDF) in a weight ratio of 80:10:10,
respectively, in N-methyl-2-pyrrolidone (NMP) solvent. These slurries were tape
casted and vacuum-dried overnight at 120oC. The electrodes were cut into s circular
discs 11.1 m in diameter, each with a mass loading of ~1.30 mg/cm2. Cell assembly
was carried out in an argon filled glove box (MBraun, Germany) with < 1 ppm of
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H2O and O2. The electrochemical performances of LiCoO2, LiFePO4, and LiMn2O4
cathode nanosheets as positive electrodes were individually evaluated using coin cells
(CR 2032), with lithium metal as the counter/ reference electrode and Celgard 2500 as
the separator. The electrolyte was 1 M LiPF6 in a mixture of ethylene carbonate and
diethyl carbonate (EC/DEC, 1:1, v/v). The electrode activities were measured using a
LAND CT2001A multichannel battery tester. The galvanostatic charge/discharge
experiments were performed in the voltage ranges of 3 V - 4.2 V (LiCoO2), 3.0 - 4.3
V (LiFePO4), and 3.2 - 4.5 V (LiMn2O4), and their specific capacities (mAh/g) in this
paper are based on the net weight of active materials. Electrochemical impedance
spectroscopy (EIS) of all the coin cells was conducted in the frequency range of 0.1
MHz – 10 mHz on a Biologic VMP3 electrochemical workstation.

5.2.4 In situ X-ray diffraction measurements
Kapton film was used as a window to allow the penetration of the synchrotron beam
into the in-situ cell. A detailed description of the cell can be found elsewhere.[293]
In-situ synchrotron X-ray powder diffraction measurements were carried out on a
beamline of the Australian Synchrotron (wavelength = 0.6884 Å).

5.2.5 DFT calculations
For calculation of the ab-initio electronic band structures of LiCoO2, we used the
Vienna Ab-Initio Simulation Package (VASP)[294] with its projected augmented wave
pseudopotential.[295] The generalized gradient approximation (GGA)[295] and the
Perdew, Burke, and Ernzerhof (PBE) exchange-correlation function were chosen for
the calculations. The energy cut-off for the plane-wave basis was 600 eV in our
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calculations. A Monkhorst-Pack 8×8×2 k-point grid was used for the unit cell, and the
geometry was allowed to relax until the force tolerance on each atom reached 0.0006
eV/Å.
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Figure 5.1 XRD patterns and crystal structures of synthesized powders (LiMn2O4 (a),
LiFePO4 (d), and LiCoO2 (g)) and nanosheets (LiMn2O4 (b), LiFePO4 (e), and
LiCoO2 (h)), respectively. Here, the blue curves represent their theoretical peak
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patterns of the corresponding particle materials and the crystal structures of the
nanosheets are also shown as inset images. HRTEM images of the synthesized
nanosheets: LiMn2O4 (c), LiFePO4 (f), and LiCoO2 (i), respectively. The upper left
inset images show their morphologies under low magnification and their scale bars
are 20 nm, 20 nm and 20 nm, respectively. The bottom right insets present their
selected area electron diffraction (SAED) patterns, respectively. The lattice spacings
are evaluated using the method reported.
The structure and phase purity characterizations of the as-prepared nanosheets are
shown in Figure 5.1. As a contrast, the X-ray diffraction (XRD) patterns of the
corresponding bulk materials are also exhibited. In the case of LiMn2O4, the XRD
pattern of the bulk sample displays feature of the spinel structure with Fd3M space
group (JCPS card No. 35-0782), with no traces of any impurity phase. After
exfoliation, only the (111) peak can be detected and compared with that of the bulk
sample, which shows its preferred orientation. This is also confirmed by the high
resolution transmission electron microscope (HRTEM) images (Figure 5.1(c)). The
lattice spacing of 0.46 nm could be assigned to the (003) crystal planes, indicating that
the nanosheet surface was terminated by the (003) facet. The HRTEM image of the
LiMn2O4 nanosheets clearly demonstrates that they consist of several layers.
Moreover, the selected area electron diffraction (SAED) pattern further confirms their
spinel structure.
Both samples of LiFePO4 exhibited a pure phase with an olivine structure indexed to
the orthorhombic PNMA space group (JCPDS 83-2092). In particular, an important
feature in the XRD pattern of LiFePO4 after exfoliation was the peak intensity ratio of
the (020) to the (200) planes. According to Kanumara et al.,[296] a platelet-type
104

structure could be obtained if the intensity of the (020) peak is greater than that of
(200) peak. Here, the intensity ratio of I(020)/I(200) for the LiFePO4 particles after
exfoliation was ~8.4, while its was only ~4.5 before its exfoliation. Therefore, the
preferred orientation along the ac plane can be also deduced after an efficient
exfoliation. Its HRTEM image also shows the nanosheet-like structure and that its
lattice spacings are 0.37 and 0.35 nm, corresponding respectively to the (011) and
(111) planes of orthorhombic LiFePO4, which could be further confirmed by the
SAED pattern of the LiFePO4 nanosheets.
In the case of the LiCoO2 particles, all the diffraction peaks can be indexed to a
rhombohedral layered structure.[297] In the XRD patterns, the (003) peak indicates the
layered structure property, while the (104) peak indicates that the basic unit in the
structure is based on the Co-O-Co bond, which forms this kind of layered compound.
The intensity ratio of the (003) peak to the (104) peak corresponds to the perfection of
crystallization.[298] More interestingly, in the case of the LiCoO2 nanosheets, their
intensity ratio of I(003)/I(104) = 7.6 is much greater than that of bulk LiCoO2 particles
((I(003)/I(104) = 2), which indicates that the nanosheets have an excellent layered
morphology. This is further confirmed by the HRTEM image of the LiCoO2
nanosheets, which shows the layered morphology. Figure 1(i) shows lattice spacings
of 0.24 nm and 0.25 nm, corresponding to the lattice spacings of the (101) and (111)
crystal planes, respectively.[291, 299]
Because the bonding energy of (003) and (104) planes in LiCoO2 is lower than that of
other planes, such as (101), (012), and (110), they showed less stability than the other
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planes. Under a certain amount of external energy, the less stable planes are more
likely to be destroyed than the more stable planes. Therefore, the peaks of the more
stable planes, as survivors, are exhibited in the XRD patterns after exfoliation. In the
case of LiFePO4, more peaks were present in the XRD patterns after exfoliation due
to their narrow distribution of surface energy. Like LiCoO2 and LiMn2O4, however, a
preferred orientation can be still available via the adjustment of process parameters.
From the insights of materials science, the exfoliation process would destroy the low
surface energy planes of materials more seriously than that with high surface energy.
After exfoliation, the nanosheets of the three cathode materials maintain their original
crystal structure, although the resultant nanosheets show different crystallographic
planes. In the LiCoO2 nanosheets, their “Li+ lattice plane” was exposed, which means
that their Li+ transport channels were opened completely. In comparison, the LiFePO4
nanosheets show partly opened Li+ transport channels, and LiMn2O4 shows unaltered
Li+ transport channels. Thus, the Li+ transport channels show different levels of
exposure. As electrode materials, they also offer the opportunity to confirm the
evolution of the structure of cathode materials with different Li+ exposure planes.
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Figure 5.2 In-situ XRD patterns during galvanostatic charge and discharge at the rate
of 0.5 C. Image plots of the diffraction patterns of the 2D cathode materials and
corresponding peaks: (a) LiMn2O4, (d) LiFePO4, and (g) LiCoO2. After refinement,
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their lattice parameters (LiMn2O4: a; LiFePO4: b and LiMn2O4: a) were shown in
figure (c, f and i) to be changed, as were the charge/discharge times and
corresponding charge/discharge curves (b, e, and h) of LiMn2O4, LiFePO4, and
LiCoO2, respectively.
In-situ synchrotron X-ray powder diffraction is a powerful tool to identify the detailed
structural changes during lithium intercalation/de-intercalation. In-situ diffraction
patterns during the first few cycles of galvanostatic charge-discharge profiles at 0.5 C
of the as-prepared nanosheets were collected, and the image plots of the diffraction
patterns for the (111), (200), and (003) peaks, corresponding to LiMn2O4, LiFePO4,
and LiCoO2, respectively, are shown in Figure 5.2(a, d, g). The lattice parameter
(LiMn2O4: a; LiFePO4: b and LiCo2O4: a) was evaluated by fitting the curves using
GSASII software,[300] and the results are shown in Figure 5.2(d, e, h). The LiMn2O4
nanosheet electrode shows highly reversible changes in crystal structure: during
charging, and the lattice parameter a gradually decreases from a = 8.236 Å
(open-circuit potential 3.21 V) to a = 8.091 Å (4.3 V), while a similar phenomenon
appears during the discharge process, in which the peaks are shifted backward from
their initial position (a = 8.237 Å, 3.2 V). This shift is ~0.146 Å, in accordance with a
reported LiMn2O4 electrode.[301] It shows that the lithium ion channels have not been
affected by the exfoliation, which can be attributed to the spinel structure of LiMn2O4.
Moreover, the lattice parameter shift of LiFePO4 nanosheets is ~0.05 Å, which
represents a slight decrease compared with that of the LiFePO4 particles.[302] Here, the
breakage of chemical bonds is perpendicular to the b axis. Since the lithium diffusion
path for LiFePO4 was also believed to be mainly a one-dimensional diffusion channel
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along the b axis, the lithium diffusion distance of LiFePO4 after exfoliation were
significantly reduced (inset figure in Figure 5.2(f)). Therefore, lithium ion diffusion
time could be significantly enhanced to achieve high rate capability.

(b)
(a)

(c)

Figure 5.3 In situ XRD patterns of LiCoO2 powder during galvanostatic charge and
discharge at a rate of 1C. (a) The typical original pattern. (b) The image plot of
diffraction patterns for (003) refection during charge-discharge after analysis from the
original patterns. (c) The magnification of the selected area of (b). The diffraction
intensity is colour coded with the scale bar shown on the right.
After fitting the data for the LiCoO2 nanosheets, as illustrated in Figure 5.2(i), we can
clearly observe that the a lattice parameter shows no obvious variation during the
charge/discharge process. This is the typical zero-strain insertion phenomenon of
electrode materials, in which the lattice parameters show negligible change (< 1%)
during cycling.[303] To further confirm this unexpected evolution, an electrode
composed of micro-sized LiCoO2 particles was also investigated by in-situ
synchrotron XRD, as shown in Figure 5.3, where the LiCoO2 particles exhibit the
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predicted lattice parameter variation in the charge/discharge process. The unusual
zero-strain evolution of the lattice parameter comes as a result of the microstructure
changes, which induce breakage of the chemical bonds along the ab-plane of LiCoO2.
This makes the lithium ion channels fully open, which will greatly decrease the
mechanical stain built from the coherent interface between Li+ and CoO2-. The
capture of these unusual evolutions during the lithium ions de-/intercalation in the
electrode materials has also provided powerful evidence for obscuring the border
between supercapacitors and lithium ion batteries.
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Figure 5.4 Electrochemical performance of particles and nanosheets. Rate capabilities
of (a) LiCoO2, (c) LiFePO4, (e) LiMn2O4. Cycling performances of (b) LiCoO2, (d)
LiFePO4, (f) LiMn2O4 at C-rates of 0.1C, 1C and 0.1C, respectively. Here, the black
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and red symbols represent the corresponding bulk and nanosheets materials,
respectively.
Motivated by the unique inherent structure of few-layered cathode material
nanosheets, a series of electrochemical Li+ storage measurements were carried out
based on the Li half-cell configuration. Comparing the bulk and nanosheets, the
few-layered nanosheets showed excellent rate capability. The LiCoO2 nanosheets
exhibited excellent rate capability: even at the rates of 0.1 C, 2 C, and 10 C, the
charge capacities were 138, 110, and 70 mAh/g, respectively. Although the (003)
plane is parallel to the lithium ion transport channel, its increased rate capability can
be attributed to its decreased size compared with that of corresponding bulk particles,
as in the nanosheets, the (003) plane has increased its interface between the active
materials and the electrolyte compared to the bulk.
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Figure 5.5 Lithium diffusion coefficients of the powder and corresponding nanosheets
at different temperatures: (a) LiCoO2, (b) LiFePO4, (c) LiMn2O4.

Table 5.1 The comparison of the initial capacity and recovery capacity after C-rate
test.
Items

LiCoO2 (0.1C)

LiFePO4 (1C)

LiMn2O4 (0.1C)

Initial capacity (mAh/g)

132

120

132

Recovery capacity (mAh/g)

134

124

132.5

Change (%)

1.5%

3.3%

0.3%

As shown in Figure 5.4(c), the charge capacities of the LiFePO4 nanosheets electrodes
were 120, 100, and 82 mAh/g at charge rates of 1, 5, and 30 C, respectively. Even at
the ultra-high rate of 100 C, the electrode still delivers a charge capacity of 40 mAh/g,
indicating its excellent high power performance. At the rates of 0.1 C, 10 C, and 50 C,
the charge capacities of the LiMn2O4 nanosheets were 131, 118, and 80 mAh/g,
112

respectively. These C-rate properties of the nanosheets are better than those of the
corresponding bulk materials due to the enhanced lithium ion transport processes. To
understand the Li+ ion transport inside all the electrodes, the diffusion coefficient (D)
(as shown in Figure 5.5) of the Li+ has been calculated from the low frequency (LF)
region in the Nyquist plot. Here, the LiCoO2 nanosheet electrode presents an
improved diffusion coefficient (~1.75 × 10-10 cm2/s), which is ~3 orders of magnitude
higher than for the corresponding bulk material. The LiFePO4 nanosheets show a
small increase in their diffusion coefficient, while the LiMn2O4 nanosheets exhibit
few change compared with the corresponding bulk materials. These results are also
explained by the fact that the Li+ channels had already been opened to different
extents.
Meanwhile, the Li+ transport time to diffuse over the nanosheets was also estimated.
The thickness of the nanosheets was measured using AFM (Figure 4.8). Via the
equation:
(5.1)
(D is the diffusion coefficient and L is the length of transport), the time (t) for Li to
diffuse over the nanosheets was calculated to be less than 28 and 1.4 µs for the
LiMn2O4 and LiFePO4 nanosheets, respectively, which is ~3 orders of magnitude
lower than for the corresponding bulk materials (150 nm). The t value of LiCoO2
nanosheets is ~0.2 µs and ~91.3 µs along the c and a axes, respectively. Compared
with the corresponding bulk materials, the combined effects of the diffusion path
length and diffusion coefficient result in the increased t values for the nanosheets.
113

The excellent recovery of the capacity of the nanosheets electrode after high rate
cycling can also be achieved. More importantly, the increased capacity (Table 5.1)
after high rate cycling can be observed, especially the LiFePO4 nanosheets, which has
around 3.3% increasing. It should be attributed to the nanosheets cathodes are not
fully activated under the minor current density, while the more active sites on the
nanosheets for lithium ions could be created as the charge/discharge current density
increasing, thus the increasing capacity after high rate cycling can be achieved. It is
well know the lithium intercalation can be used for exfoliation of some layered
materials, therefore, the lithium ion intercalation, especially the high C-Rate, like
100C for the LiFePO4 nanosheets, can also affect the produced few-layer nanosheets
and create the more active sites for lithium ions storage, which may cause the capacity
increase.

Figure 5.6 De-intercalation mechanisms from density functional theory (DFT)
calculations. Electrochemical delithiation scheme for the two-layered LixCoO2
nanosheets from x = 1 to x = 0.5.
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Table 5.2 Structure parameters of the nanosheet cathodes.
Sample

a (Å)

b (Å)

c (Å)

α (o)

β (o)

γ ( (o)

V (Å3)

LiCoO2

5.92

5.86

13.67

89.55

90.00

120.30

1657.10

Li0.75CoO2

5.81

5.77

13.44

90.00

89.68

119.80

1579.62

Li0.5CoO2

5.98

5.75

13.68

89.30

89.27

121.12

1628.87

Change

0.9%

-2%

0.1%

0.2%

-0.8%

0.68%

-1.7%

Change = N(LixCoO2- LiCoO2)/NLiCoO2
Moreover, the long-term cycling performance of the nanosheets was also increased
compared to the corresponding bulk materials because of less internal lattice strain
during cycling. An excellent cyclability can be attributed to both the electrochemical
reversibility and the structure stability of the electrode materials. As the classical
cathode electrode materials, the stable structure is the key to keep their excellent cycle
life. Our cathode nanosheets are produced by the exfoliation, which resulted in the
destruction of the less stable planes in the materials. Therefore, the prepared
nanosheets have the more stable structure compared to the corresponding bulk
materials, which is the main factor to increase their long-term cycling performance of
the nanosheets. In the case of the LiFePO4 nanosheet electrode, even after 1100 cycles,
its discharge capacity was still 115 mAh/g, corresponding to 95.8% of its initial
discharge capacity. Meanwhile, compared with the bulk materials, the corresponding
nanosheets of LiCoO2 and LiMn2O4 also showed improved stability over long
cycling.
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The fact that the typical reversible limit of electrochemical delithiation for LixCoO2 in
commercial batteries is x ~ 0.5, corresponding to a charge capacity of ~140 mAh/g,
has been mostly attributed to mechanical failure associated with the large change in
the c-axis dimension, rather than any changes in cation ordering.[304] For bulk
LixCoO2 (0.5 < x < 1), the variation of the c-lattice parameter, as characterized by
in-situ XRD during electrochemical lithium extraction, showed a steady increase.[305]
After exfoliation, however, electrodes with several layered LiCoO2 nanosheets
showed only minor changes in their c-axis dimension after x ~ 0.5 lithium
de-intercalation. On the basis of the density functional theory (DFT) results, as shown
in Table 5.2, it can be seen that the c-axis and b-axis parameters were increased by 0.1%
and 0.9%, respectively, whereas the a-axis parameter is decreased by 2%, which is
further support for the refinement results. This method could be a general strategy to
convert high lattice strain materials to less strain or zero strain cathode materials.

5.4 Conclusions
We have used a shear-assisted method to prepare a series of few-layered nanosheets
from the corresponding bulk cathode materials. The as-prepared nanosheets show a
sheet-like morphology with a stable structure. The high speed shear action has
benefits for the exfoliation, decreases the size, and optimizes the structure of the
samples. Our unique nanosheet electrodes exhibited increased C-rate capability. The
structural

evolution

of

these

2D

cathode

materials

during

galvanostatic

charge-discharge shows that greater opening of the Li+ transport channels could also
be of benefit to the C-rate capability of these cathode materials. Along with
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“nanocrystallization”, the combined effects were found to determine the improved
energy storage performance of the cells.
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CHAPTER 6 ULTRA-LIGHT AND FLEXIBLE PENCIL-TRACE
ANODE FOR HIGH PERFORMANCE POTASSIUM-ION AND
LITHIUM-ION BATTERIES
6.1 Preface
The demand for lithium ion batteries (LIBs), as the most important power supply for
electronic devices, is rapidly increasing.[210, 306] Limited lithium resources, which are
unevenly distributed around the world, have resulted in rising costs for their future
large-scale commercialization.[307] Therefore, tremendous growing interest has been
focused on the alternative earth-abundant metal ion batteries, including sodium ion
batteries (NIBs), potassium ion batteries (KIBs), etc.[195,

237, 308, 309]

As reported,

graphite anode exhibits a higher theoretical capacity (~ 270 mAh/g) in KIBs than in
NIBs (~ 35 mAh/g), indicating that the KIBs may be a better candidate than SIBs for
commercial graphite anode.[309] In this work, we present a comparative study of both
KIBs and LIBs based on graphite anode material.
Slurry-casting is commonly used for electrode fabrication, in which active materials,
binders, and carbon-conductive additives are cast onto metal foil. The main roles of
current collector are to provide mechanical support and collect current from the
electrode. Current collectors could be avoided if the electrode is intrinsically
self-supported and has good electrical conductivity. It is obvious that a
current-collector-free electrode can significantly reduce the electrode weight and
space, and could be an effective strategy for promoting the energy density of batteries.
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In addition, flexibility of electrodes and mechanical compatibility of different
components in the electrodes are crucial for large-scale electrode processing and cell
assembly. There are two approaches to developing current-collector-free flexible
electrodes: the use of an active material that is intrinsically flexible, or the use of
composite electrodes with flexible supports. Intrinsically flexible electrodes that are
so far known typically use self-standing carbon-based materials such as
one-dimensional (1D) carbon nanotubes (CNTs), two-dimensional (2D) graphene or
some electro active polymers.[310-312] One such example uses graphene paper as a
functional material, which not only acts as a conducting agent, but also as a current
collector.[313] As-prepared film electrode is often a slightly brittle with limited
flexibility, especially in large pieces, and the fabrication process always complicated
and time-consuming, which makes its large-scale fabrication and application
infeasible. Flexible composite electrodes combine conventional high energy density
active materials with flexible supports, including CNTs or graphene paper, polymers,
or cotton.[314-317] For achieving simple electrode fabrication with each part intact and
in contact, compatibility between components and mechanical flexibility is still a
challenge for the flexible composite electrodes.[315]
Pencil drawing on a substrate is a solvent-free technique to obtain continuous flexible
films, which display good conductivity and adhesion strength.[315] Flexible films made
via pencil drawing have been successfully adopted in many devices, including Li-ion
and Li-air batteries, supercapacitors, strain/gas sensors, field electron emitters, and
field effect transistors with outstanding performance.[318-321] Inspired by its low-cost
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and simple fabrication, herein we have developed a current-collector-free pencil
trace/filter paper electrode by directly drawing on the separator for the first time.
Compared with the reported pencil-traces on copper foil electrode, we not only
achieved high mass loading of the active material on rough surface of the filter paper
with strong adhesion, but also achieved high energy density batteries by introducing a
novel current-collector-free design. The as-prepared pencil-trace electrode exhibited
excellent rate performance in KIBs, which was much superior to that in LIBs, with
capacity retention of 66% for the KIB vs. 28% for the LIB from 0.1 to 0.5 A/g. It also
exhibited 75% capacity retention over 350 cycles at a current density of 0.4 A/g and
higher rate performance than any other graphite electrode for K+ storage reported so
far.

6.2 Experimental procedures
6.2.1 The synthesis of the materials
Preparation of pencil-trace electrode: The separator used in this study was
commercially available filter paper (ADVANTEC). To prepare the pencil-trace
electrode, an 8B-grade pencil (STAEDTLER, Germany) purchased from Office
Works was used as active material resource. After a simple modification of the
coating machine (Hohsen, MC20), as shown in Figure 6.1, the pencil was fixed on the
holder of the coating machine so as to control the thickness of the pencil trace by
drawing repeated lines, and the coating speed of 2.5 mm/second was used to control
the uniformity of the pencil-trace. After drawing a line, the pencil was adjusted
carefully again with the same parameters to draw another line next to the previous one
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to cover the substrate surface. Finally, the overlapping pencil-drawn lines produce a
graphite film on the filter paper. Then, the as-prepared pencil-trace/filter paper was
cut into small disks 19 mm in diameter for fabricating the cells. The mass loading of
pencil trace is around 0.5-1.0 mg/cm.

Slide

Pencil Lead

a

b
Debris

Filter paper

c

d

Remove

Electrode + Separator

Figure 6.1 The formation process for the pencil trace on filter paper as a transfer film.

6.2.2 Characterizations
The crystal structure of the powder products was examined by XRD (MMA GBC,
Australia) with Cu Kɑ radiation. Fourier-transform infrared spectroscopy (FT-IR)
and X-ray photoelectron spectroscopy (XPS) analysis were carried out to characterize
the chemical composition of the samples. X-ray photoelectron spectra (XPS) were
collected on a Thermo Fisher K-alpha XPS spectrometer. The microstructure of the
fabricated pencil-trace was investigated with a Raman system (Thermo Nicolet
Almega XR Raman Microscope, with the excitation wavelength at 532.81 nm).
Scanning electron microscope (SEM) images were obtained with a JEOL JSM-7500
microscope. High resolution transmission electron microscope (HRTEM) images
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were obtained using an aberration-corrected JEOL ARM-200F (JEOL, Corrector:
CEOS) operating at 200 kV. The microscope is equipped with a JED-2300 (JEOL)
energy-dispersive X-ray spectrometer (EDS).

6.2.3 Electrode preparation and electrochemical measurements
The electrode was dried at 120 °C under vacuum for 12 h before assembling. Coin
cells (CR2032) were assembled with potassium foil as the counter/reference electrode,
the pencil-trace/filter-paper composite film as separator and active material electrode,
and 0.8 M KPF6 in ethylene carbonate/ diethyl carbonate (EC/DEC, 1:1 v/v) as the
electrolyte for potassium ion battery and 1.0M LiPF6 in ethylene carbonate/ diethyl
carbonate (EC/DEC, 1:1 v/v) for lithium ion battery in an argon-filled glove box.
Charge/discharge measurements were carried out on a Neware battery test system,
model BTS-XWJ-6.44S-00052 (Neware, Shenzhen, China), at different current
densities between 0 and 2 V vs. K/K+ and Li/Li+ at room temperature.

6.3

Results and discussion

Here, an ultra-light electrode design with a reduced amount of inactive component is
proposed (Figure 6.2a). In order to preserve the high energy density, while offering
good flexibility of the electrode, a solvent-free fabrication technique, namely, pencil
drawing, was employed to prepare the metal-current-collector-free electrode
fabricated by drawing lines on commercially available filter paper (Figure 6.2c-e).
The resultant pencil-trace/filter paper composite film has a uniform black colour and
the pencil lead shows a wrinkled and rough surface, as shown in Figure 1f-j. The
intactness of the flexible electrode under different degrees of bending is a guarantee
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of its practical use, which can be verified by testing the electrical properties under
mechanical deformations. The dynamic electrical properties of this pencil-trace
electrode were investigated by measuring the electrical conductivity changes after
bending the electrode in different angles. As shown in Figure 6.2b, the specific
conductivity remains almost unchanged at different bending angles, indicating the
excellent flexibility, and strong adhesion between the pencil trace and the separator.
Its light-weight, mechanical robust nature, and high flexibility allow it to be used as a
high-energy flexible anode.
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Figure 6.2 (a) Schematic diagram of the novel ultra-light electrode design compared
with a traditional electrode; (b) Stability of an integrated flexible pencil-trace/filter
paper electrode in terms of conductivity variation with different bending angles; (c)
Photograph of the converted pencil-drawing machine with detailed photographs of the
fixed pencil apparatus (d) and pencil-trace line (e); Filter paper separator before (f)
and after pencil-trace coating (g); (h) Commercial 8B pencil; (i-j) SEM image of
different magnification of the point of the pencil.
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Figure 6.3 SEM images of filter paper (separator) at different magnification
The morphology and composition of the pencil trace were characterized by scanning
electron microscopy (SEM) and scanning transmission electron microscopy (STEM).
Figure 6.3 shows the porous structure of the filter paper with some fibres distributed
irregularly in the paper. This rough surface of the paper enables the exfoliation,
transfer, and adhesion of graphite from the pencil. Compared with the rough surface
of the filter paper, the pencil trace electrode shows a relatively flat and dense
morphology, indicating that the pencil trace forms a uniform coating. As shown in
high-resolution SEM image (Figure 6.4a), the friction direction can be determined by
the trace formed from the sliding pencil. Actually, the advance of the pencil-trace is
the formation of transferred film through friction (see Figure 6.1).[322] Specifically, the
reciprocating motion of the pencil lead under some load could generate considerable
wear debris (graphite and solid clay binder) by shearing. Following the sliding, the
solid binder would absorb the graphite debris and form a new graphite film on the
filter paper. Figure 6.4b shows a cross-sectional image of the generated graphite film
on the separator, in which adhesion between the pencil-trace film (thickness: 30 μm)
and the separator (~150 µm) is significantly improved by friction coating via pencil
125

drawing. The thickness of the pencil trace on filter paper is controllable and adjustable,
depending on the layers of pencil-drawn lines, which could straightforwardly achieve
a high-mass-loading flexible electrode. The STEM images in Figure 6.4d-e reveal that
the hierarchical structured film consists of nanosheets and nanoparticles (Figure 6.2g).
Due to the binder effect of clay, the clay and graphite particles are likely to be
incorporated together to form a layer-by-layer structured film, as shown in Figure 6.4c.
Energy dispersive spectroscopy (EDS) mapping shows the uniform distribution of
aluminium, oxygen, and silicon on the nanosheets, while carbon is the main element
from the nanoparticles, indicating the flakes morphology of clay and nanoparticles are
graphite in pencil-trace. The thicknesses of clay samples (average thickness around 50
nm) are shown in Figure 6.4n, based on the different selected sheets in Figure 6.4d.
Here, the graphite nanoparticles assemble around the clay sheets and form an
interconnected

conducting

network,

facilitating

fast

charge

transfer.

The

interconnected graphite with high surface area could provide large amounts of active
sites for insertion/deinsertion of K+ and Li+.
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Figure 6.4 Morphology and microstructure of the as-prepared pencil-trace: (a) The
top-view SEM image, (b) cross-section image and (c) high-resolution cross-section
image of pencil-trace/filter paper; (d-g) STEM images of the graphite particles in
pencil-trace at different magnifications. (h) STEM image of pencil-trace composite
under Z-contrast transmission mode; (i-m) EDX mapping images of the C, Al, O and
Si, respectively; (n) Thickness Histogram of the selected clay nanosheets as indicated
in the Figure 6.4d.
X-ray diffraction (XRD) was conducted to investigate the electrode’s structural
characteristics. As shown in Figure 6.5(a), the XRD pattern of the pencil-trace film
shows a characteristic peak at around 26.5°, corresponding to commercial graphite
with d-spacing of ~3.34 Å.[323] Moreover, SiO2, as the major phase of clay, has peaks
that agree well with the standard reference (00-002-047).[324] Figure 6.5b presents the
Raman spectra of the pencil trace and commercial graphite. In the case of the pencil
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trace, the characteristic peaks of the G and D bands appear at around 1580 and 1350
cm-1, respectively.[325] The intensity ratio ID/IG (≈ 1.1) for the pencil trace is much
higher than for graphite, indicating that the pencil trace has a higher degree of
disorder than graphite. According to the XPS spectra presented in Figure 6.5c, the
main elements in the pencil trace are C, O, Al, and Si, respectively, which is in good
agreement with the EDS results for the pencil trace. In the C 1s XPS spectrum, the
graphite C (284.6 eV) is dominant in the pencil trace, and the rest of the carbon
element in the pencil trace is mainly in the forms of C-O (286.0 eV) and C=O (287.6
eV) groups (Figure 6.5d).
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Figure 6.5 Characteristics of the pencil-trace: (a) XRD pattern and (b) Raman
spectrum of the pencil trace compared with pure graphite; (c) XPS survey spectrum of
the pencil trace; (d) C 1s XPS spectrum for the pencil trace.
The electrochemical performance of the pencil-trace anode was investigated in a
half-cell configuration, using potassium metal or lithium metal as the counter
electrode. Cyclic voltammetry (CV) measurements were carried out at a scan rate of
0.5 mV/s. The sharp cathodic peak between 0.3 and 0.01 V is related to the
intercalation of K ions into graphite, while the broad peak between 0.3 and 0.8 V
corresponds to the deintercalation of K+ from the pencil trace. Furthermore, the other
cathodic/anodic peaks are reversible and overlapping, indicating the high reversibility
of the intercalation/deintercalation of K+ into/from the pencil trace. The rate capability
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of the pencil trace was investigated against potassium and lithium at various current
densities, as shown in Figure 6.6a. Although its capacity at a low current density is
lower in KIBs than in LIBs, as the current density rises above 0.5 A/g, its capacity in
KIBs starts to exceed that in LIBs and shows outstanding rate performance, indicating
the higher kinetics of the K+ intercalation process than the Li+. In the case of the
pencil-trace electrode for KIBs in Figure 6.6b, capacity retention of 66% was obtained
from 0.1 to 0.5 A/g, while in LIBs, capacity retention was only 28% within the same
range. The cycling performance of the pencil trace in KIBs and LIBs at a current
density of 0.4 A/g is presented in Figure 6.6d. The cycling stability of the pencil-trace
electrode in both KIBs and LIBs is excellent (93% capacity retention for the KIB vs.
81% for the LIB from the 50th to the 350th cycle). Not only pencil-trace electrode
present superiority in rate performance and cycling stability in KIBs compared with
LIBs, pencil-trace electrode for KIBs also shows greater safety than NIBs on the
metal dendrite issues. In order to present the advantages of our current-collector-free
electrode, we compare the capacity of the pencil trace based on the mass with and
without copper foil or aluminium foil (Figure 6.6c). The capacity of the
pencil-trace/separator shows almost 235% and 176% improvement over that of the
pencil trace + separator + copper foil and the pencil-trace + separator + aluminium
foil electrodes, respectively, for both KIBs and LIBs. The electrochemical
performance of the pencil trace was also compared with that of graphite in KIBs
(Figure 6.6e-f). After 350 cycles, the pencil-trace electrode still shows sustained
capacity retention of ~75% at current density of 0.4 A/g, while it drops to nearly 25
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mAh/g in the pure graphite anode. The electrochemical performances of all the
state-of-the-art carbon-based electrodes for the potassium ion battery were compared
with our work, as shown in Figure 6.6g. Among all the carbon-based anodes, although
the hard carbon electrode shows slightly better rate performance than the pencil-trace
electrode, based on the mass of active material only, the pencil-trace electrode could
deliver the best rate performance among them if the specific capacity were calculated
based on the total weight of the electrode, including the current collector. The
outstanding electrochemical performance of the pencil-trace electrode in KIBs
compared with other graphite anodes

can be attributed to the unique

three-dimensional (3D) layer-by-layer interconnected architecture, which combines
2D clay sheets and graphite nanoparticles (Figure 6.6h). This unique structure could
facilitate charge transfer,[255, 326] and the high surface area of the pencil-trace electrode
could provide more active sites for reaction with K+. Compared with the traditional
electrode fabrication by slurry-casting, the pencil trace on filter paper is assembled
layer-by-layer by pencil drawing, which guarantees the integrity of the electrode and
the uniformity of each electrode component.
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Figure 6.6 Comparison of electrochemical performance (EC) of pencil-trace electrode
in KIB and LIB cells: (a) rate performance; (b) capacity retention at various current
densities; (d) cycling performance at current density of 0.4 A/g. (c) Comparison of
different electrode configurations (pencil trace + separator, pencil trace + copper foil
+ separator, and pencil trace + separator + aluminium foil). EC comparison of
pencil-trace anode and commercial graphite anode in KIBs: (e) Rate performance at
current density from 0.1 A/g (~0.36 C) to 1.1 A/g (~3.9 C); (f) Long-term cycling
performance at current density of 0.4 A/g. (g) Capacity plot of various carbon-based
electrodes for KIBs. [235, 236, 238, 240, 309, 327-329] (Note that all the reported capacities of
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carbon-based electrodes are calculated based on the active material mass. Our work
would be the highest one if the capacity calculation is based on the total electrode
mass including the current collector.) (h) Schematic illustration of the layer-by-layer
architecture of the pencil-trace electrode.

Figure 6.7 (a) Cyclic voltammograms of the pencil-trace electrode in the initial four
cycles. (b) Thermogravimetric analysis (TGA) curve of a pencil trace recorded in air
at 5 ᵒC/min. The TGA results indicate that the pencil lead composite contains 42 wt %
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clay (mainly SiO2 and Al2O3) and 58 wt % conducting graphite matrix. (c-d) dQ/dV
profile corresponding to the 50th charge-discharge curve (in Figure 6.7e) for a
potassium ion battery. (e) Charge/discharge curves of pencil-trace electrode at the
current density of 0.4 A/g in a potassium ion battery. The overlapping curves after 50
cycles indicates its perfect cycling stability. (f-h) Optical images of the electrode after
disassembly in the air after different times; (i, j) SEM image of fresh electrode at low
and high magnification; (k, l) The morphology of electrode after 350 cycles at 0.4
A/g.
As shown in Figure 6.7a, a broad peak near 0.7 V only exists in the first cathodic
process, which is attributed to the decomposition of the electrolyte and the formation
of the solid electrolyte interphase (SEI) film. Compared with the sodiation and
desodiation peaks (0.1 V and 0.05 V) reported for a hard carbon/Na cell[29], the
potassiation and depotassiation peaks are at 0.12 and 0.33 V versus K+/K for pencil
trace electrode as shown in dQ/dV profile (Figure 6.7 c,d). When metal ion insertion
occurs at potentials too close to the plating of the corresponding metal, dendrite
formation can be a serious concern, particularly at high current rates, suggesting KIBs
is suprior than NIBs as for the safety concerns, particularly at high current rates. It is
suggested that KIBs may be more advantageous than NIBs, not only due to the much
higher theoretical capacity of the potassium ion battery, but also concerns about safety
issues. The capacity was calculated based on the mass of graphite active material
(accounting for 60 wt% in the pencil trace, as shown in Figure 6.7b). Figure S7 shows
the galvanostatic charge/discharge profiles of the pencil-trace electrode at a current
density of 0.4 A/g. The profiles of the 50th, 100th, 150th, 250th, and 350th cycles nearly
overlap with each other, showing that the capacity decay is nearly zero between the
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50th and 350th cycles. The cycled cell was disassembled in the glove box, and the
electrode was washed several times in the EC solvent and dried overnight prior to
performing SEM. The lack of significant change in the electrode morphology and the
lack of obvious cracking at low magnification indicate the good stability of the
pencil-trace electrode. Even after 350 cycles, there is barely any change in the
electrode morphology and no obvious cracking at low magnification, indicating the
good stability of the pencil-trace electrode (Figure 6.7 i-j, k-l).

6.4 Conclusions
In summary, we have demonstrated an ultra-light and flexible pencil-trace electrode
for the lithium ion battery and potassium ion battery via employing a pencil drawing
technique. This novel electrode design not only achieves an electrode with high
mechanical flexibility and an adjustable loading mass, but also enhances the
gravimetric energy density by decreasing the weight of the inactive part of the
electrode. A comparison of the electrochemical performance of LIBs and KIBs is
inspiring. The superiority of the pencil-trace electrode in KIBs, in such aspects as
high rate performance, reasonable capacity (improved by the current-collector-free
design), and excellent cycling stability makes the potassium ion battery a potential
alternative to the lithium ion battery. Moreover, the pencil-trace electrode also
presents better electrochemical performance than other reported carbon-based anodes
in KIBs. This could be due to the layer-by-layer interconnected architecture
combining 2D clay sheets and graphite nanoparticles, which facilitate K+ diffusion
and charge transfer to some extent.
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CHAPTER 7 ACTIVATED GRAPHITE WITH INCREASED
RATE CAPABILITY FOR THE POTASSIUM ION BATTERY
7.1 Preface
The great challenge of electrochemical energy storage (EES) for not only electric
vehicles, but also portable electronic devices (e.g., mobile phones, laptop computers)
has driven researchers to endlessly look for more promising candidates for new
energy storage systems. Among them, the alkali metals, particularly lithium (Li), have
been brought into industrial utilization, and graphite has also been developed as the
standard anode for the Li+ battery due to its high reversible capacity, flat voltage, and
low cost. Concerns about future shortages of lithium resources have shifted primary
attention to the more abundant resources, such as sodium (Na) and potassium (K). As
reported, graphite anode exhibits a higher theoretical capacity (~ 270 mAh/g) in
potassium ion batteries (KIBs) than in sodium ion batteries (NIBs) (~ 35 mAh/g),
indicating the KIBs may be a better candidate than SIBs for commercial graphite
anode.[330]. Meanwhile, the potassium ion battery has attracted more and more
attention recently due to the wide distribution of potassiium and the higher redox
potential of K/K+ (-2.92 V vs. standard hydrogen electrode (SHE)) compared to that
of Na/Na+ (-2.71 V vs. SHE), which makes the potassium ion battery a potential
alternative to lithium ion batteries.
Recently, several carbon-based materials have been introduced as anode electrodes
for KIBs. After demonstrating a three-stage process for K+ intercalation into graphite
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(C → KC24 → KC16 → KC8), Ji and his co-workers found out that the high rate
performance of graphite anode is suboptimal in a nonaqueous electrolyte, so they
proposed a soft carbon as a high rate anode material in KIBs with a theoretical
capacity of 273 mAh/g.[235] Furthermore, Ji et al. also reported hard carbon
microspheres (HCS) that showed a high initial capacity of 262 mAh/g, with 83%
capacity retention over 100 cycles in KIBs. HCS presented a much better high rate
performance in KIBs, compared to their behaviour in NIBs, which can be ascribed to
a higher diffusion coefficient of K-ions in the particular structure compared to
Na-ions.

[240]

The three-stage process for K+ intercalation into graphite was further

confirmed in a reduced graphene oxide (RGO) film electrode, and a high-performance
electrode was also demonstrated.[328] Those carbon-based materials have thus shown
their great potential for KIB application. Among all the carbon-based materials,
however, low-cost graphite as the commercial electrode material for the lithium ion
battery displays limited electrochemical performance when it is directly used in K+
batteries. Generally, the high ion diffusion resistance of graphite, resulting from its
narrow interlayer spaces (0.34 nm) and the long diffusion pathways (several
micrometers) for potassium ions is the major obstacle to the incorporation of
potassium ions into a metal-carbon compound with the stoichiometry of KC8, which
directly affects its rate capability [235, 328]. Moreover, comparing the ionic radii, the K+
ion (1.33 nm) is larger than the Li+ ion (0.59 nm), so K+ has much more difficulty in
intercalating into graphite than Li+, which is also conducive to the reduced rate
performance of graphite electrode in KIBs.
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In order to facilitate the application of low-cost and commercially available graphite
in potassium ion batteries with enhanced electrochemical performance in this work,
activated commercial graphite was fabricated by an etching method. After treatment
of the graphite, the interplanar spacing was enlarged, and the ion diffusion coefficient
during the electrochemical process was enhanced as well. These improvements to the
activated graphite would play a significant role in increasing its rate performance as
an anode for KIBs.

7.2 Experimental procedures
7.2.1 Materials
High-purity (99.99%) graphite (325 mesh) was used to prepare activated graphite.
Typically, 1 g graphite was dispersed in 30 g water to create a ~3wt% dispersion.
After stirring for 30 min, 1 g KOH powder was put into the prepared graphite solution,
and the mixture was kept under stirring for 2 h at room temperature. Then, the
prepared graphite/KOH solution was moved into an air-circulating oven at 80 oC to
evaporate the water. The resultant powder was then heated at 800 oC for 2 h in a tube
furnace under flowing argon gas. Afterwards, the synthesized powder was washed
with 1 M HCl and distilled water several times to remove the residual KOH. Then, the
final product (denoted as AC-1 for its ratio of KOH to graphite, 1:1) was collected by
vacuum filtration and dried in a vacuum oven. Also, we made samples with 2:1 and
3:1 ratios of KOH to graphite, which are denoted as AC-2 and AC-3, respectively.
The commercial graphite was denoted as AC-0.

138

7.2.2 Characterizations
The microstructure of the activated graphite was investigated with a Raman system
(Thermo Nicolet Almega XR Raman Microscope, with excitation wavelength of 532
nm). X-ray diffraction (XRD) patterns were collected with a Rigaku D/MAZX
2500V/PC with Cu Kα radiation (35 kV, 20 mA, λ = 1.5418 Å). Scanning electron
microscope (SEM) images were obtained with a JEOL JSM-7500 scanning electron
microscope. High resolution transmission electron microscope (HRTEM) images
were obtained using a JEOL 2010 operating at 200kV.

7.2.3 Electrode preparation and electrochemical measurements
The electrodes were composed of the activated graphite, carbon additive (Super-P),
and polyvinylidene fluoride (PVDF) binder, with a mass ratio of 8:1:1. The slurry was
cast onto Cu foil and dried at 120 °C under vacuum for 12 h. Coin cells (CR2032)
were assembled with potassium foil as the counter/reference electrode, a glass fiber
separator, and 0.8 M KPF6 in ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 v/v)
as the electrolyte in an argon-filled glove box. Charge/discharge measurements were
carried out on a Neware battery test system (BTS-XWJ-6.44S-00052, Neware,
Shenzhen, China) at different current densities between 0.01 and 2.00 V vs. K/K+ or
Na/Na+ at room temperature. Electrochemical impedance spectroscopy (EIS) was
conducted using a Biologic VPM3 electrochemical workstation.

7.3

Results and discussion

The morphologies of the commercial graphite and the synthesized graphite were
characterized by SEM, as shown in Figure 7.1. AC-0 possessed sheet-like particles
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and had a smooth surface, whereas, the morphology of samples from AC-1 to AC-3
shows a rough surface, and the particle size decreases from several micrometers to
several nano-meters with increasing KOH, as shown in Figure 7.1b and c. On
comparing the details of AC-2 and AC-3, the surface of AC-3, as shown in Figure
7.1d, appeared less rough than in the case of the AC-2 because of the over-etching
effect of KOH,[331, 332] The evolution of this process is illustrated in Figure 7.1e. The
results indicated that many large graphite sheets on the surface of the graphite had
been smashed into many small pieces by the activation. Meanwhile, more interface
surface for potassium ion transmission was generated on the graphite layer.
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Figure 7.1 Morphology of the surfaces of the as-prepared samples: (a) AC-0, (b)
AC-1, (c) AC-2, and (d) AC-3; scale bars: 100 nm. (e) Schematic illustration of the
evolution of the surface on the graphite. As the adsorption of K+ ions on the graphite
proceeded, the etching reaction was triggered by the following heat-treatment. Finally,
the smooth surface was broken and the rough morphology formed on the surfaces of
the resultant graphite particles.
The XRD patterns of the as-prepared graphite samples are shown in Figure 7.2a. The
2θ diffraction peaks at 26.6

o

and 55 o, corresponds to the characteristic peaks of
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graphite for the (002) and (004) graphite lattice planes, respectively.[333] As shown in
Figure 7.2b and c, for samples from AC-0 to AC-3, it can be observed that the
position of the (002) peak experiences a slight shift to lower diffraction angles,
indicating a small change in the d-spacing. The refined d-spacing values are presented
in Figure 7.2d and indicate that the d-spacing experiences an expansion from 0.3344
nm (AC-0) to 0.3357 nm (AC-2), before it is reduced to 0.3356 nm for AC-3, which
may be caused by the over-etching effect of KOH. The transmission electron
microscope (TEM) images in Figure 7.2f and g further demonstrate that the activated
edges of the graphite flakes have split level or inflated layers.
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Figure 7.2 Structure of the as-prepared samples: (a) XRD patterns, and enlargements
of (b) the (002) peak and (c) the (004) peak, respectively. (d) The calculated spacing
of the graphite layers in the as-prepared samples. After activation, TEM images (e)
and (f) of AC-2 under different magnifications shows split level or inflated layers.
To reveal the structural evolution of the graphite samples with increasing amounts of
KOH in the activation process, Raman spectra were collected. In Figure 7.3, the G
and D bands appear around 1580 and 1350 cm-1, respectively.[334] The G band
corresponds to the E2g phonon at the Brillouin zone center, and Figure 7.3a shows a
doubly-degenerate in-plane sp2 C-C stretching mode.[335] The D band, which
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originates from a defect-activated one-phonon double resonance process between the
K-Kʹ symmetry points, reflects the breathing modes of six-atom rings and requires a
defect for its activation, as shown in Figure 7.3b.[336] Therefore, the D band is also
attributed to an A1g zone-boundary mode of the graphite. Figure 7.3c reveals that all
the samples have a strong G band and a relatively weak D band. During the activation
process, however, the shift in the G band shows a high dependence on the amount of
KOH, and the upshifting trend agrees with a previous report on graphene, where it is
demonstrated to be a function of doping.[238] The disorder-induced Raman frequencies
can be related to the six dispersive phonon energy branches induced by the activation
of the etching process in graphite, which results in the disorder-induced one-phonon
peak (Dʹ band) in the Raman spectra.[337] Since the Raman intensity is proportional to
the corresponding vibrational mode, the intensity ratio of the bands, ID/IG, as shown in
Table 1, could be used to evaluate the degree of disorder of the graphite materials.
Here, ID/IG of AC-2 is around 0.43, which is higher than for previously published
samples.[338] Meanwhile, AC-2 also shows a higher specific surface area than the other
samples as the amount of KOH increases.
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Figure 7.3 Illustration of (a) the E2g vibrational mode of carbon atoms in one graphite
layer and (b) an A1g zone-boundary mode at the edge of the graphite layer. (c) Raman
spectra of the samples obtained at the 532 nm wavelength, and (d) enlargement of the
G band and Dʹ band region, with the Dʹ band indicated by the arrows.
The activated graphite electrode exhibits greatly enhanced rate capability. Figure 7.4a
presents successive sequence tests at various current densities from 0.05 A/g to 1.5
A/g in NIBs and KIBs. Due to the thermodynamic instability of binary
Na-intercalated graphite, graphite has not been considered suitable for the Na+ ion
battery. The treated graphite of AC-2, however, could exhibit improved capacity
compared with the AC-0 untreated graphite, suggesting that deep-activated graphite
electrodes could be used for improving the rate capability of the Na+ ions battery. The
insignificant decay in capacity from the 2nd to the 100th cycle of AC-2 in NIBs
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demonstrates its good stable cycling performance. The galvanostatic discharge/charge
curves in Figure 7.4c reveal that AC-2 has a raised dimple and lower-voltage plateau
at the beginning of discharge, compared with AC-0. As the dimple and the
lower-voltage plateau suggest that the Na+ ions need to go through a barrier, which is
related to desolvation or solvation shell distortion, it is suggested that the activated
graphite in AC-2 has a relatively low barrier for Na ion intercalation.[339] In the case
of KIBs, as the current density is set higher, the capacity of AC-2 in Figure 7.4a
overtakes those of AC-0, 1, and 3 in KIBs, where the AC-2 shows 209, 159, 114, 72,
and 30 mAh/g at 0.1, 0.2, 0.4, 0.8, and 1 A/g, respectively, while AC-0 exhibits 162,
56, 33, 16, and 8 mAh/g at the same current densities. The better rate performance of
AC-2 may be due to its architecture, consisting of nanosized graphite sheets with
larger d-spacing in the (100) crystal planes as a result of the etching treatment.
At the relatively high current density of 0.2 A/g, AC-2 demonstrates a reversible
specific capacity of 100.3 mAh/g after 100 cycles, which is higher than for the other
activated graphite samples. In Figure 7.4d, it is shown that the treated electrodes
exhibit almost the same high initial discharge capacity and relatively low charge
capacity at a current density of 0.05 A/g, and, in particular, that the value of the
charge capacity is around 260 mAh/g, which is close to the theoretical capacity of 279
mAh/g for fully intercalated KC8. The higher irreversible capacity is partially
attributed to the initial solid electrolyte interphase (SEI) formation and electrolyte
decomposition. The reversible discharge plateau ranges from 0.4 to 0.2 V, which is
also consistent with the direct formation of KC8.[235]
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Figure 7.4 Electrochemical performance of activated graphite and commercial
graphite electrodes: (a) Rate performance and (b) cycling performance of the sample
electrodes at 0.2 A/g. (c) 1st cycle discharge/charge curves versus Na at a current
density of 0.2 A/g for AC-0 and AC-2 electrodes. (d) 1st cycle discharge/charge
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curves versus K at a current density of 0.05 A/g for activated graphite and commercial
graphite electrodes.
The markedly improved electrochemical performance of the activated graphite
electrode, compared with the non-activated graphite electrode, was found to be
closely associated with K ion transport in the graphite-based electrode. Cyclic
voltammetry (CV) analysis of AC-0 and AC-2 was carried out to evaluate their K ion
diffusion coefficients (D) based on the Randles-Sevcik equation [340]:
𝐴 √

( 7.1)

Where Ip is the peak current, n is the number of electrons, F is the Faraday constant, R
is the gas constant, T is the temperature, A is the surface area of the electrode, D is the
diffusion coefficient, C represents the concentration of potassium ions in the
electrolyte, and v stands for the voltage scanning rate. The K+ diffusion coefficients in
activated graphite and graphite electrodes are calculated from the slope of the plot of
Ip versus V0.5, as shown in Figure 7.5c. From the linear relationship between Ip and
V0.5, DAC-0 (hereafter C0, cathodic peak at ~0.52 V) and DAC-2 (hereafter C0, cathodic
peak at ~0.51V) were obtained, and the other parameters were determined: n = 0.125,
F = 96485.3 C mol−1, R = 8.314 J mol−1 K−1, T = 298 K, A = 0.49 cm2, and C = 0.8
mol L-1. Among the K+ diffusion coefficients, the one for activated graphite (DAC-2)
was up to ~7 times larger than for the unactivated graphite (DAC-0). This suggests that
the surface graphite particles of AC-2 had been smashed into interconnected small
porous pieces by the activation treatment, which could not only realize fast electron
transfer, but also could facilitate the penetration and diffusion of electrolyte.
148

0.02
0.04

(a)

(b)

0.02

Current(mA)

Current(mA)

0.00
0.00
-0.02

-1

0.1 mV s
-1
0.2 mV s
-1
0.3 mV s
-1
0.5 mV s
-1
0.8 mV s

-0.04
-0.06

-1

0.1 mV s
-1
0.2 mV s
-1
0.3 mV s
-1
0.5 mV s
-1
0.8 mV s

-0.02

-0.04

-0.08
0.0

0.5

1.0

1.5

2.0

0.0

0.5

1.0

Voltage(V)

1.5

2.0

Voltage(V)

0.04

(c)
Ip(mA)

0.03

slopeAC-2= 0.03014

AC-2
AC-0

0.02
slopeAC-0= 0.00412

0.01

0.00
0.3

0.4

0.5

0.6
0.5

0.5

0.7

0.8

0.9

-0.5

v (mV s )

Figure 7.5 CV curves at different scan rates of activated graphite and graphite
electrodes: (a) AC-2 and (b) AC-0. (c) Peak current versus mV0.5 s-0.5 and the
corresponding linear fits.

7.4 Conclusions
In conclusion, activated graphite electrodes were developed for the potassium ion
battery and fabricated via high-temperature annealing with KOH as the etching agent.
The as-prepared activated graphite with a larger d-spacing in the (100) crystal planes
allows rapid intercalation/de-intercalation of potassium ions into/from the graphite,
and its K+ ion diffusion coefficient was also improved by around 7 times compared
with the unactivated graphite during the discharge/charge process, contributing to the
enhanced electrochemical performance. In particular, the AC-2 electrode showed a
rate retention of 54% as the current density increased from 0.05 A/g to 1.0 A/g. The
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results suggest that activated graphite could be a promising anode for the potassium
ion battery.
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CHAPTER 8 CONCLUSIONS AND OUTLOOK
8.1 Conclusion
In this doctoral study, three kinds of 2D cathode material nanosheets for LIBs,
including LiCoO2, LiMn2O4, and LiFePO4, a design for an innovative, flexible,
ultra-light, and current-collector-free electrode for LIBs and KIBs, and a kind of
carbon-based anode material for SIBs and KIBs, have all been investigated. These
as-prepared nanosheets with preferred orientations and optimized stable structures
exhibited excellent C-rate capability and long-term cycling performance with much
reduced volume expansion during cycling. In particular, the zero-strain insertion
phenomenon could be achieved in 2-3 such layers of LiCoO2 electrode materials. This
novel electrode design not only achieved an electrode with high mechanical flexibility
with an adjustable loading mass, but also enhanced the gravimetric energy density by
decreasing the weight of the inactive part of the electrode. These findings could
broaden our current understanding of thestructural evolution of such electrodes and
related electrochemical behaviour. A summary of the results is provided in the
following sections.
A shear-assisted method was used to prepare a series of few-layered nanosheets from
the corresponding bulk cathode materials. The as-prepared nanosheets show a
sheet-like morphology with a stable structure. The high-speed shear action has
benefits for the exfoliation, decreases the nanosheet size, and optimizes the structure
of the samples. Our unique nanosheet electrodes exhibited increased C-rate capability.
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The structural evolution of these 2D cathode materials during galvanostatic
charge-discharge shows that greater opening of the Li+ transport channels could also
be of benefit to the C-rate capability of these cathode materials. Along with
“nanocrystallization”, the combined effects were found to determine the improved
energy storage performance of the cells.
A pencil drawing technique was applied to prepare graphite/filter paper composite
anode materials for LIBs and KIBs, in which the graphite forms robust
three-dimensional architectures with clay particles uniformly deposited on the
surfaces of the filter paper. After 350 cycles, the pencil-trace electrode still shows
sustained capacity retention of ~75% at current density of 0.4 A/g. This superior
electrochemical performance is due to the hierarchical structure of the
pencil-trace/separator with this unique 3D architecture, combining 2D clay sheets and
3D graphite nanoparticles. The superiority of the pencil-trace electrode in the KIB,
with such features as high rate performance and reasonable capacity (improved by the
current-collector-free design) and superior cycling stability makes the potassium ion
battery to a potential alternative to the lithium ion battery.
Activated graphite electrodes were developed for the potassium ion battery and
fabricated via high-temperature annealing with KOH as the etching agent. The
as-prepared activated graphite with a larger d-spacing in the (100) crystal planes
allows rapid intercalation/de-intercalation of potassium ions into/from the graphite,
and its K+ ion diffusion coefficient was also improved by around 7 times compared
with the unactivated graphite during the discharge/charge process, contributing to the
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enhanced electrochemical performance. In particular, the AC-2 electrode showed a
rate retention of 54% as the current density increased from 0.05 A/g to 1.0 A/g. The
results suggest that activated graphite could be a promising anode for the potassium
ion battery.

8.2 Outlook
This doctoral work has mainly focused on cathode materials for LIBs and anode
materials for SIBs and KIBs. 2D cathode materials for LIBs, carbon based anode
materials for SIBs and KIBs, and their electrolytes and binders also need to be
developed to promote the commercialization of the next generation of batteries. In
addition to these, some further research efforts could be conducted based on the
doctoral work as follows:
2D cathode material nanosheets are arousing more interest because of the market
demand for bendable electronic devices. Three 2D cathode material nanosheets have
been investigated in this doctoral work, and the results showed that they are suitable
candidates for cathode materials in the next generation of LIBs. To optimize their
battery performance, more work should be conducted, including adjusting the
thickness of the nanosheets and preparing the nanosheets with different particle sizes.
Furthermore, a promising 2D nanosheet cathode should be selected to couple with
these excellent anodes for the fabrication of fully bendable batteries.
Here, a simple shear-assisted mechanical exfoliation method has been demonstrated
to synthesize few-layered nanosheets of LiCoO2, LiMn2O4, and LiFePO4 to develop
new cathode materials for the next generation of LIBs. This shear-assisted mechanical
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exfoliation method is a novel synthesis strategy that features high speed, high
productivity, low temperature, environmental friendliness, and energy saving. As a
general synthesis method, it develops advanced 2D nanosheets cathode materials for
the LIB system, but its application also should be extend to the synthesis of other 2D
nanosheets for more applications, such as SIBs, KIBs, etc.
Aiming to reduce the weight of the electrode, an innovative, flexible, ultra-light, and
current-collector-free electrode obtained via the pencil drawing technique is proposed.
This ultra-light and current-collector-free electrode for the potassium ion battery
featuring excellent rate performance and long-term cycling stability would be a
promising anode for LIBs and KIBs. A promising film cathode should be selected,
however, to couple with these free-standing anodes for the fabrication of fully
bendable batteries.
Moreover, in-situ characterization methods, including in-situ Raman spectroscopy,
in-situ TEM, and synchrotron radiation and neutron techniques, are essential for
investigating the intermediates, surface kinetics, chemical bonding, and related
structural and compositional variations in the discharge and charge processes. A
combined computational and experimental approach is also needed to systematically
study the electrode materials. Additionally, the disadvantages of nanomaterials owing
to their high surface area need to be considered. The nanomaterials normally display
low density and high reactivity in terms of side reactions, leading to large irreversible
capacity and electrolyte decomposition. Surface modification could be used to
minimize this effect of nanomaterials.
154

In conclusion, the author is firmly convinced that the existing problems are being
slowly overcome and that research is advancing in the right direction, so that the
future for the next generation of batteries is likely to be brighter ahead.
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